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PREFACE 


This  volume  is  part  of  a  five-volume  set  that  summarizes 

1993  AFOSR  Summer  Research  Extension  Program  (SREP).  The  current  volum  , 
Vdumfffi  of  5,  presents  the  final  reports  of  SREP  participants  at  Wnght  Laboratory. 

Reuorts  presented  in  this  volume  are  arranged  alphabetically  by  author  and  are  numbered 
P  ?  ti  1-3  - 2-1  2-2  2-3,  with  each  senes  of  reports  preceded  by 

a^  pagemanagement  sununary .  Reporis  in  the  five-volume  set  are  organized  as  follows: 


VOLUME 


TITLE 


Armstrong  Laboratory  (part  one) 
Armstrong  Laboratory  (part  two) 


Phillips  Laboratory 


Rome  Laboratory 

Wright  Laboratory  (part  one) 

Wright  Laboratory  (part  two) 

Arnold  Engineering  Development  Center 
Frank  J.  Seiler  Research  Laboratory 
Wilford  Hall  Medical  Center 


1993  SREP  FINAL  REPORTS 
Armstrong  Laboratory 

VOLUME  1A 

Report  Title 

— - Author's  University _ 

Three-Dimensioua!  Calculation  of  Blood  Flow  in  a  Thick 
-Walled  Vessel  Using  the 
University  of  Missouri,  Rolla,  MO 

£ !£££  ST*  Mmlcli"s  f»r  H“”*”  - 

Wright  State  University,  Dayton,  OH 

A"  Approach  to  On-Line  Assessment  and  Diagnosis  of  Student 
Troubleshooting  Knowl 

New  Mexico  State  University,  Las  Cruces,  NM 

An  Experimental  Investigation  of  Hand  Torque  Strength  for 
Tightening  Small  Fast  8 

Tennessee  Technological  University,  Cookeville,  TN 

Determination  of  Total  Peripheral  Resistance,  Arterial 

Compliance  and  Venous  Com 

North  Dakota  State  University,  Fargo,  ND 

A  Computational  Thermal  Model  and  Theoretical 
Thermodynamic  Model  of  Laser  Indue 
Florida  International  University,  Miami,  FL 

A  Comparison  of  Various  Estimators  of  Half-Life  in  the  Air 

Force  Health  Study 

University  of  Maine,  Orono,  ME 

Ld  Daytime  S^cpgen0l,S  M"a,<rain  0”  F“iS“e' 

Bowling  Green  State  University,  Bowling  Green,  OH 

A  New  Protocol  for  Studying  Carotid  Baroreceptor  Function  ] 

Georgia  Institute  of  Technology,  Atlanta,  GA  i 

Adaptive  Control  Architecture  for  Teleoperated  Freflex  System  I 


— - Report  Author 

Dr.  Xavier  Avula  ~ 

Mechanical  &  Aerospace 
AL/AO  Engineering 

d  Dr.  Jer-sen  Chen 

Computer  Science  & 
AL/CF  Engineering 

Dr.  Nancy  Cooke 

Psychology 

AL/HR 

Dr.  Subramaniam  Deivanayagam 
Industrial  Engineering 

AL/HR 

Dr.  Dan  Ewert 

Electrical  Engineering 

AL/AO 

Dr.  Bernard  Gerstman 
Physics 

AL/OE 

Dr.  Pushpa  Gupta 

Mathematics 

AL/AO 

Mr.  Rod  Hughes 

Psychology 

AL/CF 

i 

Dr.  Arthur  Koblasz 

Civil  Engineering 
AL/AO  8 


Purdue  University,  West  Lafayette,  IN 

LumcfrSJ0'  In'erpmi”g  the  •  of 

University  of  Tennessee,  Memphis,  TN 

MuSp™  3  f°r 

Arizona  State  University,  Tempe,  AZ 

LaT^PriiTeT11  RedU<:,i0"  ”fEm“,i0"ali,y Ai'  "ore. 

University  of  Georgia  Research,  Athens,  GA 


Dr.  A.  Koivo 

Electrical  Engineering 

AL/CF 

Dr.  Robert  Kundich 

Biomedical  Engineering 

AL/CF 

Dr.  William  Moor 

Industrial  &  Management 
AL/HR  Engineering 

Dr.  B.  Mulligan 

Psychology 

AL/OE 


li 
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Armstrong  Laboratory 


VOLUME  IB 


Report  Title 

Report  #  Author’s  Universij 


Simulation  of  the  Motion  of  Single  and  Linked  Ellipsiods 

Representing  Human  Body 
Wright  State  University,  Dayton,  OH 

Bioeffects  of  Microwave  Radiation  on  Mammalian  Cells  and 
Cell  Cultures 

Xavier  University  of  Louisiana,  New  Orleans,  LA 

Analysis  of  Isocyanate  Monomers  and  Oligomers  in  Spray  Paint 

Formulations  „  ~v 

Southwest  Texas  State  University,  San  Marcos,  TX 

Development  of  the  "Next  Generation"  of  the  Activities  Interest 
Inventory  for  Se 

Wayne  State  University,  Detroit,  MI 

Investigations  on  the  Seasonal  Bionomics  of  the  Asian  Tiger 
Mosquito,  Aedes  Albo 
Macon  College,  Macon,  GA 

Difficulty  Facets  Underlying  Cognitive  Ability  Test  Items 

Ohio  State  University,  Columbus,  OH 
A  Simplified  Model  for  Predicting  Jet  Impingement  Heat 
NorthCarolina  A  &  T  State  University,  Greensboro,  NC 

Geostatistical  Techniques  for  Understanding  Hydraulic 

Conductivity  Variability 

Washington  State  University,  Pullman,  WA 

An  Immobilized  Cell  Fluidized  Bed  Bioreactor  for 

2,4-Dinitrotoluene  Degradation 

Colorado  State  University,  Fort  Collins,  CO 

Applications  of  Superconductive  Devices  in  Air  Force 
Alfred  University,  Alfred,  NY 


_  Report  Author _ 

Dr.  David  Reynolds 

Biomedical  &  Human 

AL/CF  Factors 

Dr.  Donald  Robinson 
Chemistry 

AL/OE 

Dr.  Walter  Rudzinski 
Chemistry 

AL/OE 

Dr.  Lois  Tetrick 

Industrial  Relations  Prog 

AL/HR 

Dr.  Michael  Womack 

Natural  Science  and 

AL/OE  Mathematics 

Dr.  Mary  Roznowski 
Psychology 

AL/HR 

Mr.  Mark  Kitchart 

Mechanical  Engineering 

AL/EQ 

Dr.  Valipuram  Manoranjan 
Pure  and  Applied 

AL/EQ  Mathematics 

Dr.  Kenneth  Reardon 

Agricultural  and  Chemical 

AL/EQ  Engineering 

Dr.  Xingwu  Wang 

Electrical  Engineering 

AL/EQ 
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VOLUME  2 


Report  Title 

- Author's  University _ _ 

Optimal  Passive  Damping  of  a  Complex  Strut-Built  Structure " 

Iowa  State  University,  Ames,  IA 

Theoretical  and  Experimental  Studies  on  the  Effects  of 
Low-Energy  X-Rays  on  Elec 

University  of  Arizona,  Tucson,  AZ 

Radars'de*>and  with  Low  DisPersion  for  Impulse 

University  of  Alabama,  Huntsville,  AL 

Experimental  Neutron  Scattering  Investigations  of 
Liquid-Crystal  Polymers 

Arkansas  Technology  University,  Russellville,  AR 

Sol8,  r  SPectrosc°Py  of  Alkali  Metal  Vapors  for 

Solar  to  Thermal  Energy 

University  of  Iowa,  Iowa  City,  IA 

University  of  Southern  California,  Los  Angeles,  CA 
Measurements  of  Ion-Molecule  Reactions  at  High  Temperatures 
University  of  Puerto  Rico,  Mayaguez,  PR 

»f  Lidar  Receiver  for  the  Slarfire 
Georgia  Institute  of  Technology,  Atlanta,  GA 


Dynamics  of  Gas-Phase  Ion-Molecule  Reactions 

Carnegie  Mellon  University,  Pittsburgh,  PA 

A  Numerical  Approach  to  Evaluating  Phase  Change  Material 
Performance  in  Infrared 
University  of  Texas,  San  Antonio,  TX 

An  Analysis  of  ISAR  Imaging  and  Image  Simulation 
lechnologies  and  Related  Post 
University  of  Nevada,  Reno,  NV 

Optical  and  Clear  Air  Turbulence 

Worcester  Polytechnic  Institut,  Worcester,  MA 

Rotational  Dynamics  of  Lageos  Satellite 

North  Carolina  State  University,  Raleigh,  NC 

Study  of  Instabilities  Excited  by  Powerful  HF  Waves  for 

Efficient  Generation  of 

Polytechnic  University,  Farmingdale,  NY 


_ _  Report  Author 

Dr.  Joseph  Baumgarten 
PL/VT  ^echanical  Engineering 

Dr.  Raymond  Bellem 

Electrical  &  Computer 
PL/VT  Engineering 

Dr.  Albert  Biggs 

Electrical  Engineering 

PL/WS 

Dr.  David  Elliott 

Engineering 

PL/RK 

Mr.  Paul  Erdman 

Physics  and  Astronomy 

lL/RK 

Dr.  Daniel  Erwin 

Aerospace  Engineering 
PL/RK  b 

s  Dr.  Jeffrey  Friedman 
Physics 

PL/GP 

s  Dr.  Gary  Gimmestad 

Research  Institute 

PL/LI 

Dr.  Susan  Graul 

Chemistry 

PL/WS 

Mr.  Steven  Griffin 

Engineering 

PL/VT 

Dr.  James  Henson 

Electrical  Engineering 
PL/WS  8 

Dr.  Mayer  Humi 

Mathematics 

PL/LI 

Dr.  Arkady  Kheyfets 
Mathematics 

PL/LI 


Dr.  Spencer  Kuo 

PL/GP  E,ectrical  Engineering 


iv 
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VOLUME  2 
cont’d 


Report  Title 
Author’s  University 
Particle  Stimulation  of  Plasmas 

University  of  Missouri,  Kansas  City,  MO 


Report  Author 
Dr.  Richard  Murphy 
Physics 

PLAVS 


A  Universal  Equation  of  State  for  Shock  in  Homogeneous 
Materials 

California  State  University,  Northndge,  CA 

Speed-Up  of  the  Phase  Diversity  Method  Via  Reduced  Region  & 

Optimization  Dimen. 

University  of  Houston,  Victoria,  TX 

Analysis  of  Solwind  P-78  Fragmentation  Using  Empirical  And 
Analytical  Codes 

Alabama  A  &  M  University,  Normal,  AL 

Experimental  Investigations  of  Homogeneous  and  Heterogeneous 

Nucleation/Condcnsa 

University  of  Missouri,  Rolla,  MO 


Dr.  Jon  Shively 

Engineering  &  Computer 
PL/VT  Science 

Dr.  Johanna  Stenzel 

Arts  &  Sciences 

PL/LI 

Dr.  Arjun  Tan 

Physics 

PLAVS 

Dr.  Philip  Whitefield 

Physics 

PL/LI 


1993  SREP  FINAL  REPORTS 
Rome  Laboratory 

VOLUME  3 


Report  Title 

— _ Author's  University _ 

Analysis  and  Code  for  Treating  Infinite  Arrays  of  Tapered 
Antennas  Printed  on  Bo  y 

California  State  University,  Sacramento,  CA 

Comparing  Pattern  Recognition  Systems 

Syracuse  University,  Syracuse,  NY 

Wideband  ATM  Networks  for  the  Dynamic  Theater 
Environment 

University  of  Southwestern  Louisiana,  Lafayette,  LA 

Congestion  Control  For  ATM  Network  in  a  Tectical  Theater 
Environment 

Polytechnic  University,  Brooklyn,  NY 
Automated  Natural  Language  Evaluators  (ANLF) 

Southwest  Texas  State  College,  San  Marcos,  TX 
System  Analysis  and  Applications  for  a  Photonic  Delay  Line 
Le  Moyne  College,  Syracuse,  NY 

for  5EK  ;:r"ci . .  mu,“ 

Syracuse  University,  Syracuse,  NY 

Supporting  Systematic  Testing  for  Reusable  Software 
Components 

University  of  Alabama,  Tuscaloosa,  AL 

Use  of  Turnable  Fiber  Ring  Lasers  in  Optical  Communications 

SUNY/Institute  of  Technology,  Utica,  NY 

Further  Monte  Carlo  Studies  of  a  Theoretical  Model  for 

Non-Gaussian  Radar  Clutte 

SUNY  College  at  Cortland,  Cortland,  NY 

Hierarchical  Modeling  and  Simulation 

Syracuse  University,  Syracuse,  NY 

Metamodel  Applications  Using  TAC  Brawler 

Virginia  Polytechnic  Institute,  Blacksburg,  VA 

Automatic  Detection  of  Prominence  in  Spontaneous  Speech 

New  Mexico  Institute  of  Mining,  Socorro,  NM  ; 


- - - - Report  Author _ 

Dr.  Jean-Pierre  Bayard  ~ 

Electrical  &  Electronic 
RL/ER  Engineering 

Dr.  Pinyuen  Chen 

Mathematics 

RL/IR 

Dr.  Robert  Henry 

Electrical  &  Computer 
RL/C3  Engineering 

Mr.  Benjamin  Hoe 

Electrical  Engineering 

RL/C3 

Dr.  Khosrow  Kaikhah 

Computer  Science 

RL/IR 

Dr.  Evelyn  Monsay 
Physics 

RL/OC 

t  Dr.  Michael  Nilan 

Information  Studies 

RL/C3 

Dr.  Allen  Parrish 

Computer  Science 

RL/C3 

Dr  Salahuddin  Qazi 

Optical  Communications 

RL/OC 

Dr.  Jorge  Romeu 

Assistant  Prof,  of 
RL/OC  Mathematics 

Dr.  Robert  Sargent 

Engineering  and  Computer 
RL/XP  Science 

Dr.  Jeffery  Tew 

Industrial  &  Systems 
RL/IR  Engineering 

Dr.  Colin  Wightman 

RL/IR  E,ectrical  Engineering 
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Report  # 
1 


2 


3 


4 


5 


6 


7 


8 


9 


10 


11 


12 


13 


14 


VOLUME  4A 


Report  Title 

Author's  University - - - — — ; — - 

Integrated  Estimator/Guidance/Autopilot  for  Homing  Missiles 

University  of  Missouri,  Rolla,  MO 
Studies  of  NTO  Decomposition 
Memphis  State  University,  Memphis,  TN 

Investigation  of  Ray-Beam  Basis  Functions  for  Use  with  the 

Generalized  Ray  Expan 

Ohio  State  University,  Columbus,  OH 

Wave  Mechanics  Modeling  of  Terminal  Ballistics 
Phenomenology 

Louisiana  Tech  University,  Ruston,  LA 


_ Report  Author _ 

Dr.  S.  Balakrishan 

Mechanical  &  Aerospace 
WL/MN  Engineering 

Dr.  Theodore  Burkey 
Chemistry 

WL/MN 

Dr.  Robert  Burkholder 

Electrical  Engineering 

WL/AA 

Dr.  Eugene  Callens,  Jr. 

Mechanical  and  Industrial 
WL/MN  Engineer 


Modeling  for  Aeroclastic  Parameter  Estimation  of  Flexing 

Slender  Bodies  in  a  Bal 

University  of  California,  Berkeley,  CA 

Using  VHDL  in  VSL  Bist  Design  Synthesis  and  its  Application  to 
3-D  Pixel  Graphic 

Wright  State  University,  Dayton,  OH 

Study  of  Part  Quality  and  Shrinkage  for  Injection  Molded 

Aircraft  Transparencies  _ 

Florida  International  University,  Miami,  FL 

Implementation  of  Noise-Reducing  Multiple-Source  Schlieren 
Systems 

Purdue  University,  West  Lafayette,  IN 

Performing  Target  Classification  Using  Fussy  Morphology 

Neural  Networks 

Iowa  State  University,  Ames,  IA 


Dr.  Gary  Chapman 

Mechnical  Engineering 

WL/MN 

Dr.  Chien-In  Chen 

Electrical  Engineering 

WL/EL 

Dr.  Joe  Chow 

Industrial  and  Systems 
WL/FI  Engineering 

Dr.  Steven  Collicott 

Aeronautics  and 

WL/FI  Astronautical  Engineering 

Dr.  Jennifer  Davidson 

Electrical  Engineering 

WL/MN 


Turbulent  Heat  Transfer  In  Counter-Rotating  Disk  System 
University  of  Dayton,  Dayton,  OH 

Modelling  of  Biomaterials  for  Non-Linear  Optical  Applications 

University  of  Virginia,  Charlottesville,  VA 

Passive  Ranging,  Roll-angle  Approximation,  and  Target 

Recognition  for  Fuze  Appli 

Florida  State  University,  Tallahassee,  FL 


Dr.  Jamie  Ervin 

Mechanical  and  Aerospace 
WL/ML  Engineering 

Dr.  Barry  Farmer 

Materials  Science  and 
WL/ML  Engineering 

Dr.  Simon  Foo 

Electrical  Engineering 

WL/MN 


A  Role  of  Oxygen  and  Sulfur  Compounds  in  Jet  Fuel  Deposit 

Formation  . 

Eastern  Kentucky  University,  Richmond,  ky 

Effect  of  Aeroelasticity  on  Experimental  Nonlinear  Indicial 

Responses  Measured 
Ohio  University,  Athens,  OH 


Ms.  Ann  Gillman 

Chemistry 

WL/PO 

Dr.  Gary  Graham 

Mechanical  Engineering 

WL/FI 
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„  cont’d 

Report  Title 

#  Author's  University _ 

Ayi^ksRea,it'  Inf0rmati0n  Presentation  Technology  for 

New  Mexico  Highlands  University,  Las  Vegas,  NM 

An  Investigation  of  the  Thermal  Stability  of  an 
AiC/Ti-22AI-23Nb  Metal  Matrix  Co 
University  of  Delaware,  Newark,  DE 

Investigation  of  the  Combustion  Characteristics  of  Confined 
Coannular  Jets  with 

Brigham  Young  University,  Provo,  UT 

Morphology  of  High-Velocity  Perforation  of  Laminated  Plates 

University  of  New  Orleans,  New  Orleans,  LA 


- - Report  Author 

Dr.  Elmer  Grubbs 

WL/AA  ^eCtr*cal  Engineering 

Dr.  Ian  Hall 

Materials  Science 

WL/ML 

Dr.  Paul  Hedman 

VVL/P  Chemical  Engineering 

Dr.  David  Hui 

^  Mechanical  Engineering 
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VOLUME  4B 


Report  # 
19 


20 


21 


22 


23 


24 


25 


26 


27 


28 


29 


30 


31 


32 


Report  Title 

Author's  University _ _ _ _ _ — — - - 

Evaluation  of  Variable  Structure  Control  for  Missile  Autopilots 

Using  Reaction 

Auburn  University,  Auburn,  AL 


_ Report  Author _ . 

Dr.  Mario  Innocenti 

Aerospace  Engineering 

WL/MN 


Laser  Imaging  and  Ranging  (LEMAR)  Processing 
Wright  State  University,  Dayton,  OH 

Applications  of  Wavelet  Subband  Decomposition  in  Adaptive 
Arrays 

Lafayette  College,  Easton,  PA 

Micromechanics  of  Matrix  Cracks  In  Brittle  Matrix  Composites 
With  Frictional  Int 

University  of  South  Florida,  Tampa,  FL 

A  Physics-Based  Heterojuntion  Bipolar  Transistor  Model 

Including  High-Current, 

Universtiy  of  Central  Florida,  Orlando,  FL 

Electrical  and  Thermal  Modeling  of  Switched  Reluctance 

Machines  . 

San  Francisco  State  Univesity,  San  Francisco,  CA 

Process  Migration  Facility  for  the  quest  Distributed  VHDL 

Simulator  . 

University  of  Cincinnati  M.L.,  Cincinnati,  OH 

Investigation  of  Third  Order  Non-Linear  Optical  Properties  of 

Strained  Layer  Sem 

Columbia  University,  New  York,  NY 

Development  of  Control  Design  Methodologies  for  Flexible 

Systems  with  Multiple 

Arizona  State  University,  Tempe,  AZ 


Dr.  Jack  Jean 

Computer  Science  & 

WL/AA  Engineering 

Dr.  Ismail  Jouny 

Electrical  Engineering 

WL/AA 

Dr.  Autar  Kaw 

Mechanical  Engineering 

WL/ML 

Dr.  Juin  Liou 

Electrical  and  Computer 

WL/EL  Engineering 

Dr.  Shy-Shenq  Liou 

Engineering 

WL/PO 

Mr.  Dallas  Marks 

Electrical  and  Computer 

WL/AA  Engineering 

Dr.  Mary  Potasek 

Applied  Physics 

WL/ML 

Dr.  Armando  Rodriguez 

Electrical  Engineering 

WL/MN 


Enhanced  Liquid  Fuel  Atomization  Through  Effervescent 

Injection  _ _  ,  ... 

Virginia  Polytechnic  Inst  &  State  Coll.,  Blacksburg,  VA 

Sensor  Fusion  for  ER/MMW  Dual-Mode  Sensors  Using  Artificial 

Neural  Networks 

Auburn  University,  Auburn,  AL 


Dr  Larry  Roe 

Mechanical  Engineering 

WL/PO 

Dr.  Thaddeus  Roppel 

Electrical  Engineering 

WL/MN 


Characterizing  the  Solid  Fragment  Population  in  a  Debris  Cloud 
Created  by  a  Hype 

University  of  Alabama,  Huntsville,  AL 


Dr.  William  Schonberg 

Civil  and  Environmental 
WL/MN  Engineering 


Digital  Signal  Processing  Algorithms  for  Digital  EW  Receivers 

Wright  State  University,  Dayton,  OH 

An  Analytical  Model  of  Laminated  Composite  Plates  for 

Determination  of  Stresses 

University  of  Cincinnati,  Cincinnati,  OH 


Dr.  Arnab  Shaw 

Electrical  Engineering 

WL/AA 

Mr.  Robert  Slater 

Mechanical  &  Industrial 
WL/FI  Engineering 


IX 
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cont’d 

Report  Title 

_ Author's  University _ 

Detection  of  Internal  Defects  in  Multilayered  Plates  By  Lamb 
Wave  Acoustic  Micro  J 

Universtiy  of  Arizona,  Tucson,  AZ 

Wavelet  Analysis  of  Ultrasonic  Signals  for  Non-Destructive 
Evaluation  of  Composi 
University  of  Dayton,  Dayton,  OH 

Stochastic  Modeling  of  MBE  Growth  of  Compoud 
Semiconductors 

University  of  Nevada,  Las  Vegas,  NV 

Performance  Evaluation  And  Improvement  of  a  Resonant  DC 

Link  Inverter  With  A  Lim 

North  Dakota  State  University,  Fargo,  ND 

Three  Component  LDV  Measurements  in  a  Swirl  Combustor 

North  Carolina  State  University,  Raleigh,  NC 


- -  Report  Author  _ 

Dr.  Kundu  Tribikram 

Civil  Engineering  and 
WL/ML  Engineering 

Dr.  Theresa  Tuthill 

Electrical  Engineering 

WL/ML 

Dr.  Ramasubrama  Venkatasubraman 
„.T  Electrical  and  Computer 

WL/ML  Engineering 

Dr.  Subbaraya  Yuvarajan 

Electrical  Engineering 
WL/PO  s 

Dr.  Richard  Gould 

„„  Mechanical  and  Aerospace 

WL/PO  Engineering 


1993  SREP  FINAL  REPORTS 
VOLUME  5 


Report  Title 

Report  #  Author’s  University - 

Arnold  Engineering  Development  Center 

!  Performance  Enhancement  for  a  TI TMS320C40  version  of 
Multigraph 

Vanderbilt  University,  Nashville,  TN 

2  System  Integration  Software  for  Parallel  Hardware 
Architectures 

Vanderbilt  University,  Nashville,  TN 

3  Heat  Load  Structural  Failure  Predicition  for  the  AEDC  Heat-Hi 
Test  Unit  Nozzle 

Georgia  Institute  of  Technology,  Atlanta,  GA 

4  Coupling  of  an  Inductive  Generator  with  Plasma  Erosion 
Opening  Switch  (PEOS)  to 

Morehouse  College,  Atlanta,  GA 


Report  Author 


Mr.  Ben  Abbott 

Electrical  Engineering 

AEDC/ 

Dr.  Csaba  Biegl 

Electrical  Engineering 

AEDC/ 

Dr.  Kurt  Gramoll 

Aerospace  Engineering 

AEDC/ 

Dr.  Carlyle  Moore 
Physics 

AEDC/ 


5 


6 


7 


Frank  J  Seiler  Research  Laboratory 

Active  and  Passive  Control  Designs  for  the  FJSRL  Flexible 
Structure  Testbeds 

Old  Dominion  University,  Norfolk,  VA 

Three  Dimensional  Characterization  of  Non-Linear  Optical 

Thin  Films  . 

University  of  Colorado,  Colorado  Springs,  CO 

Electrochemistry  of  Lithium  in  Room  Temperature  Molten  Salt 
Electrolytes 

Houghton  College,  Houghton,  NY 


Dr.  Thomas  Alberts 

Mechanical  Engineering 

FJSRL/ 

Dr.  Thomas  Christensen 
Physics 

FJSRL/ 

Dr.  Bernard  Piersma 
Chemistry 

FJSRL/ 


9 


Wilford  Hall  Medical  Center 

Enhanced  Physiologic  Monitoring  of  Patients  with  Closed 
Head-Injury 

Memphis  State,  Memphis,  TN 

Rheological,  Biochemical  and  Biophysical  Studies  of 
Blood  at  Elevated  Temperatures 
University  of  Miami,  Coral  Gables,  FL 


Dr.  Michael  Daley 

Electrical  Engineering 

WHMC  / 

Dr.  Walter  Drost-Hansen 
Chemistry 

WHMC 


xi 


1993  SUMMER  RESEARCH  EXTENSION  PROGRAM  (SREP)  MANAGEMENT  REPORT 

1.0  BACKGROUND 


Under  the  provisions  of  Air  Force  Office  of  Scientific  Research  (AFOSR)  contract! 
arm  Sentember  1990  Research  &  Development  Laboratories  (RDL),  an  8(  ) 

Slver  cT  cT,  manages  AFOSR’s  Summer  Research  Program.  This  report  >s  tssned  m  parttal 

fulfillment  of  that  contract  (CUN  0003 AC). 

homes. 

= -Er: 

,  .  t  afosr  to  fund  additional  SREPs.  Ultimately  the  laboratories  inform  RDL  of  t 

funds  to  AF°SR  to  fit  approval  and  RDL  forwards  a  subcontract  to  the  institution 

^e  the 'sREP^associate  is  employS.  The  subcontract  (see  Appendix  1  for  a  sample)  cites  the 
SW  IsLc^fas  the  principal  LLigator  and  requires  submission  of  a  report  at  the  end  of  die 

subcontract  period. 

facilities  and  equipment  or  research  assistants)  at  reduced  or  no  cost. 

When  RDL  receives  the  signed  subcontract,  we  fund  the  effort  initially  by  providing  90%  of  the 
IZ-tl  theistitution  (normally  $18,000  for  a  ™ 

S  eSnTra  the  laboratory  notifies  us  the  SREP  report  is  acceptable,  we  re.ease 
the  remaining  funds  to  the  institution. 
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2.0  THE  1993  SREP  PROGRAM 


Associates)  a„d  286  graduate 

Sr 185  sfeps  and  121  gsrps  -  “  rrnrr 


- - - 1992  SRP  Associates,  bv  Decree 

_ SF 

RP 

GSJ 

RP 

PHD 

MS 

MS 

BS  " 

179 

6 

52 

69 

o0/  i~ sn?:  25 


- Ivy  i  SKEP:  Proposals  Submitted  vs.  Pmnncoic  c. 

Summer 

1992 

Participants 

Submitted 

SREP 

Proposals 

fleeted 

SREPs 

FnnripH 

SFRP 

185 

167 

90 

GSRP 

121 

29 

10 

[TOTAL 

306 

196 

100  1 

The  funding  was  provided  as  follows: 


Contractual  slots  funded  by  AFOSR  75 

Laboratory  funded  14 

Additional  funding  from  AFOSR  1 1 

Total  100 
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t  th^  i  qq?  cummer  program  submitted  SREP  proposals;  six  were 
Six  HBCU/MI  associates  from  the  1992  summer  program 

selected  (none  were  lab-funded;  all  were  funded  by  additional  AFOSR  fun  ). 


Air  Force  Civil  Engineering  Laboratory 

Armstrong  Laboratory _ 

Arnold  Engineering  Development  Center 
Frank  J.  Seiler  Research  Laboratory 
Phillips  Laboratory _ _ 


Rome  Laboratory _ - 

Wilford  Hall  Medical  Center _ 

Wright  Laboratory _ 


TOTAL  _  — 


Note:  Phillips  Laboratory  fended  3  SREPs;  Wright  laboratory  fended  1 1 ;  and  AFOSR 

fended  11  beyond  its  contractual  75. 


Applied 

Selected 

9 

4 

^  41 

19 

12 

4 

6 

3 

33 

19 

‘  31 

13 

2 

1 

62 

37 

196 

100 

The  306  1992  Summer  Research  Program  participants  represented  135  institutions. 

Institutions  Represented  on  the  1992  SRP  and  1993  SREP  _ 

_  *  *  I  .  I  ^T. 1 n  /ill 


Number  of  schools 
represented  in  the 
Summer  92  Program 
135 


Number  of  schools 
represented  in 
submitted  proposals 
118  _ 


Number  of  schools 
represented  in 
Funded  Proposals 
73 


Forty  schools  had  more  than  one  participant  submitting  proposals. 
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r  those 

2LLS hools  that  subn,itted  5+  proposals  a~ for *><**>  of 


"hicT  sh“he15milered  ^  0f  “*  Proposals 

$68,000.00  with  an  averaged  shl",  016.00  *"  ’  **  m~  "* 


- - Proposals  and  Institution  Cost  Sharing  1 

Proposals 

Submitted 

- a _ _ _ 

Proposals 

Funded 

With  cost  sharing 

159 

82 

Without  cost  sharing 

37 

18 

Total  ~“l 

196 

100 

The  SREP  participants 
each  laboratory  were: 


were  residents  of  41  different 


states.  Number  of  states  represented  at 


— States  Represented,  by  Proposal.  Snhmi^/SHrrtrrl  ner  T  i 

Proposals 

Submitted 

Proposals 

Fnndpd 

Air  Force  Civil  Engineering  Laboratory 

8 

4 

Armstrong  Laboratory 

21 

13 

Arnold  Engineering  Development  Center 

5 

2 

Frank  J.  Seiler  Research  Laboratory 

5 

Phillips  Laboratory 

16 

J 

14 

Rome  Laboratory 

14 

7 

Wilford  Hall  Medical  Center 

2 

w  right  Laboratory  TTj - 

20 

Eleven  of  the  1993  SREP  Principal  Investigators  also  participated  in  the  1992  SREP. 


Mortc^pUed^witMr'f'”'1^  °f  ^  SREP  assodates’  « 

them  by  RDL.  Ninety  ^  “d  °ther  Motions  provided  to 

included  in  this  report.  The  subcontracts  were  “d  316 

Institution  cost  sharing  totaled  $985,353.00.  Y  *  ’991’623*00  of  ^  Force  money. 
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PVAT  ITATION:  The  fonn  used  for  the  technical  evaluation  is  provided  as 
F^t  fn^^^ation  .ports  were  reived.  Participant  by  laboratory  versus 

evaluations  submitted  is  shown  below. 


Participants 

Evaluations 

Percent 

Air  Fnrre  uivil  Engineering  Laboratory 

* 

* 

Armctrotld  T  nboratOTV 

231 

20 

95.2 

4 

4 

100 

Arnold  Engineering  Development  '-ciuci 
Prank  T  Seiler  Research  Laboratory 

3 _ 1 

3 

100 

Phillirtc  T  ahnrntnrv 

19 

18 

100 

Rome  Laboratory 
wiifnrH  Hall  Medical  Center 

r"  13 

1 

13 

L  1 

100 

100 

Wright  Laboratory 

Total  _ _ 

r  37 

100J 

34 

93 

91.9 

95.9 

4  -a.  T  nWnfnrv’s  Flieht  Dynamics  Directorate  ana  /kriuauuug  - - ■ 

—■ “  A™s,ron8  "• 
Directorate,  and  their  reports  are  included  with  Armstrong  Lab. 

^Research  on  twu  of  the  find  repo*  was  iuccmpl?  -  of  press  , toe  »  there  «„•  t  any  technical 
evaluations  on  them  to  ptocess,  yet.  Percent  complete  ts  based  upon  20/21  -95.2% 

2:  One  tcchmcd  evaluation  was  no.  completed  because  one  of  the  find  report,  was  incomplete  as  of 
press  time.  Percent  complete  is  based  upon  18/18-100% 

3:  See  notes  1  and  2  above.  Percent  complete  is  based  upon  93/97 =95.9% 


The  number  of  evaluations  submitted  for  the  1993  SREP  (95.9%)  shows  a  marked 
improvement  over  the  1992  SREP  submittals  (65%). 


PPfKTRAM  EVALUATION:  Each  laboratory  focal  point  evaluated  ten  areas  (see  Appendix 
rfwithFrating  ftom  one~(iowest)  to  five  (highest).  TTte  distribution  of  ratings  was  as  foUows. 
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The  8  low  ratings  (one  1  and  seven  2’s  )  were  for  question  5  tone  n  “Th~  ttcac  u 
threes  (20  of  62)  wete  for  question  ten.  TTte  ave^e^/by  questowa”  3<>%  °f  'he 


Question 

Average 

1 

4.6 

2 

4.6 

3 

• 4.7 

4 

4.7 

5 

4.6 

6 

4.7 

7 

4.8 

8 

4.5 

9 

r  4.6 

►— » 
o  O 

The  distribution  of  the  averages  was: 


AREA  AVERAGES 


aXe°re^TirTh?ovdetSrarPlete  "  *  ab«  **  *  the  lowest 
standard  deviation  of  fl  ™  4‘6  with  a  SmaU  samPIe 

lower  than  the  overall  average  (4  i£r  ?”8  fO*  10  (4-1)  1S  aPProximately  three  sigma 

...  • « - 
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,  f  i  a  tn  5  0  The  overall  average  for  those  reports  that  were 
higher.  The  distribution  of  the  average  report  ratings  is  as  shown. 


AVERAGE  RATINGS 


]D 

■ 


innnBBBBPPBH! 


n 


IS  ii  iSRSBiii  mi  ii  ini  ii  iiJiJUUULi 


It  is  clear  from  the  high  ratings  that  the  laboratories  place  a  high  value  on  AFOSR's  Summer 
Research  Extension  Programs. 
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3.0  SUBCONTRACTS  SUMMARY 


S“mmary  °f  SREP  SUbC°ntraCtS-  to“  -Pom  -  Published  in 


Laboratory 

Air  Force  Civil  Engineering  Laboratory 

Armstrong  Laboratory 

Arnold  Engineering  Development  Center 

Frank  J .  Seiler  Research  Laboratory 

Phillips  Laboratory 

Rome  Laboratory 

Wilford  Hall  Medical  Center 

Wright  Laboratory 


Volume 

* 

1 

5 

5 

2 

3 

5 

4A,  4B 


uhoratories  Directorate>  and  their°™  ls  awrz“oio 
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1993  SREP  SUB-CONTRACT  DATA 


TABLE  1:  SUBCONTRACTS  SUMMARY 


Report  Author 

TT«iirAt*ClfV 

Author's  Degree 

Sponsoring 

Lab 

Performance  Period 

AUtHOr  s  university _ _ _ 

Abbott ,  Ben 

M.S. 

AEDC/ 

01/01/93  12/31/93 

Electrical  Engineering 

Vanderbilt  University,  Nashville,  TN 

PhD 

FJSRL / 

01/01/93  04/15/94 

Alberts ,  Thomas 

Mechanical  Engineering 

Old  Dominion  University,  Norfolk,  VA 

Avula ,  Xavier 

Mechanical  &  Aerospace  Engineering 
University  of  Missouri,  Rolla,  MO 

PhD 

AL/AO 

01/01/93  04/15/94 

PhD 

WL/MN 

12/01/92  12/14/93 

01/01/93  04/01/94 

Balakrishan ,  S. 

Mechanical  &  Aerospace  Engineering 
University  of  Missouri,  Rolla,  MO 

PhD 

PL/VT 

Baumgarten ,  Joseph 

Mechanical  Engineering 

Contract  Amount 
Univ.  Cost  Share 
$19619.00 
$0.00 


$20000.00 

$8000.00 


$20000.00 

$1836.00 


$20000.00 

$3996.00 


$19916.00 

$9083.00 


Iowa  State  University,  Ames,  IA 

Bayard ,  Jean-Pierre 
Electrical  &  Electronic  Engineering 
California  State  University,  Sacramento,  CA 


PhD 


Bellem ,  Raymond 

Electrical  &  Computer  Engineering 

University  of  Arizona,  Tucson,  AZ 

Biegl ,  Csaba 

Electrical  Engineering 

Vanderbilt  University,  Nashville,  TN 

Biggs ,  Albert 

Electrical  Engineering 

University  of  Alabama,  Huntsville,  AL 

Burkey ,  Theodore 

Chemistry  . 

Memphis  State  University,  Memphis,  TN 

Burkholder ,  Robert 

Electrical  Engineering 

Ohio  State  University,  Columbus,  OH 

Callens,  Jr. ,  Eugene 

Mechanical  and  Industrial  Engineer 

Louisiana  Tech  University,  Ruston,  LA 

Chapman ,  Gary 

Mechnical  Engineering 

University  of  California,  Berkeley,  CA 

Chen ,  Chien-In 

Electrical  Engineering 

Wright  State  University,  Dayton,  OH 

Chen ,  Jer-sen 

Computer  Science  &  Engineering 
Wright  State  University,  Dayton,  OH 


PhD 


RL/ER  01/01/93  12/31/93 

PL/VT  01/01/93  02/28/94 


$20000.00 

$7423.00 


$19956.00 

$0.00 


PhD 

AEDC/ 

01/01/93  12/31/93 

$19999.00 

$0.00 

PhD 

PL/WS 

01/01/93  12/31/93 

$19975.00 

$0.00 

PhD 

WL/MN 

01/01/93  12/31/93 

$20000.00 

$18648.00 

PhD 

WL/AA 

01/01/93  12/31/93 

$20000.00 

$6727.00 

PhD 

WL/MN 

01/01/93  12/31/93 

$20000.00 

$5700.00 

PhD 

WL/MN 

01/01/93  12/31/94 

$20000.00 

$0.00 

PhD 

WL/EL 

01/01/93  12/31/93 

$20000.00 

$32065.00 

PhD 

AL/CF 

01/01/93  12/31/93 

$20000.00 

$31763.00 
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1993  SREP  SUB-CONTRACT  DATA 


Report  Author 

Author's  University _ Author' 

Chen ,  Pinyuen  p^j 

Mathematics 

Syracuse  University,  Syracuse,  NY 

Chow ,  Joe  pjjj 

Industrial  and  Systems  Engineering 
Florida  International  University,  Miami,  FL 

Christensen ,  Thomas  pbD 

Physics 

University  of  Colorado,  Colorado  Springs,  CO 

Collicott ,  Steven  pbjj 

Aeronautics  and  Astronautical  Engineering 
Purdue  University,  West  Lafayette,  IN 

Cooke ,  Nancy  pbU 

Psychology 

New  Mexico  State  University,  Las  Cruces,  NM 

Daley ,  Michael  pbD 

Electrical  Engineering 
Memphis  State,  Memphis,  TN 


Author's  Degree 
PhD  ~ 


sponsoring 

Lab 

Performance  Period 

Contract  Amoui 
Univ.  Cost  Shai 

RL/m 

01/01/93  12/31/93 

S20000.00 

$0.00 

WL/FI 

01/01/93  01/14/94 

$20000.00 

$2500.00 

FJSRL/ 

01/01/93  12/31/93 

$20000.00 

$5390.00 

WL/FI 

01/01/93  12/31/93 

$20000.00 

$13307.00 

AL/HR 

01/01/93  12/31/93 

$20000.00 

$6178.00 

WHMC/ 

01/01/93  12/31/93 

$20000.00 

$18260.00 

Davidson ,  Jennifer 

Electrical  Engineering 

PhD 

WL/MN 

01/01/93  02/28/94 

$19999.00 

Iowa  State  University,  Ames,  IA 

$0.00 

Deivanayagam ,  Subramaniam 

Industrial  Engineering 

PhD 

AL/HR 

02/01/93  12/31/93 

$20000.00 

Tennessee  Technological  University,  Cookeville,  TN 

$12491.00 

Elliott ,  David 

Engineering 

PhD 

PL/RK 

10/01/92  08/15/93 

$20000.00 

Arkansas  Technology  University,  Russellville,  AR 

$50271.00 

Erdman ,  Paul 

Physics  and  Astronomy 

M.S. 

PL/RK 

01/01/93  12/31/93 

$20000.00 

University  of  Iowa,  Iowa  City,  IA 

$26408.00 

Ervin ,  Jamie 

Mechanical  and  Aerospace  Engineering 

PhD 

WL/ML 

01/01/93  12/31/93 

$18632.00 

University  of  Dayton,  Dayton,  OH 

$3000.00 

Erwin ,  Daniel 

Aerospace  Engineering 

PhD 

PL/RK 

01/01/93  12/31/93 

$19962.00 

University  of  Southern  California,  Los  Angeles,  CA 

$12696.00 

Ewert ,  Dan 

Electrical  Engineering 

PhD 

AL/AO 

01/01/93  12/31/93 

$20000.00 

North  Dakota  State  University,  Fargo,  ND 

$2100.00 

Farmer ,  Barry 

Materials  Science  and  Engineering 

PhD 

WL/ML 

01/01/93  02/28/94 

$20000.00 

University  of  Virginia,  Charlottesville,  VA 

$2000.00 

Foo ,  Simon 

Electrical  Engineering 

PhD 

WL/MN 

01/01/93  12/31/93 

$19977.00 

Florida  State  University,  Tallahassee,  FL 
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1993  SREP  SUB-CONTRACT  DATA 


Report  Author 
Author's  Universit 

Friedman ,  Jeffrey 
Physics 

University  of  Puerto  Rico,  Mayaguez,  PR 


Gerstman ,  Bernard 
Physics  . 

Florida  International  University,  Miami,  1L 


PhD 


M.S. 


Gillman ,  Ann 
Chemistry 

Eastern  Kentucky  University,  Richmond,  KV 

Gimmestad ,  Gary 
Research  Institute 

Georgia  Institute  of  Technology,  Atlanta,  GA 

Gould ,  Richard  PhD 

Mechanical  and  Aerospace  Engineering 
North  Carolina  State  University,  Raleigh,  NC 

Graham ,  Gary 
Mechanical  Engineering 
Ohio  University,  Athens,  OH 


Gramoll ,  Kurt 
Aerospace  Engineering 
Georgia  Institute  of  Technology,  Atlanta,  GA 


PhD 


PhD 


M.S. 


Graul , Susan 
Chemistry 

Carnegie  Mellon  University,  Pittsburgh,  PA 

Griffin ,  Steven 
Engineering 

University  of  Texas,  San  Antonio,  TX 

Grubbs ,  Elmer 
Electrical  Engineering 

New  Mexico  Highlands  University,  Las  Vegas,  NM 


PhD 


Gupta ,  Pushpa 
Mathematics 

University  of  Maine,  Orono,  ME 

Hall ,  Ian 
Materials  Science 

University  of  Delaware,  Newark,  DE 

Hedman ,  Paul 
Chemical  Engineering 
Brigham  Young  University,  Provo,  UT 

Henry ,  Robert 
Electrical  &  Computer  Engineering 
University  of  Southwestern  Louisiana,  Lafayette,  LA 


PhD 


PhD 


PhD 


Henson ,  James 
Electrical  Engineering 
University  of  Nevada,  Reno,  NV 


PhD 


Sponsoring  .  Contraci  Amonn. 

Lab _ Performance  Period  Umv.  Cost  Share 


AL/OE  01/01/93  04/30/94 


WL/PO  01/01/93  12/31/93 


PL/LI 


01/01/93  12/31/93 


WL/PO  01/01/93  12/31/93 


WL/FI  01/01/93  12/31/93 


AEDC/  01/01/93  12/31/93 


PL/WS  01/01/93  03/31/94 


PL/VT  01/01/93  12/31/93 


WL/AA  01/01/93  12/31/93 


AL/AO  01/01/93  12/31/93 


WL/ML  01/01/93  12/31/93 


WL/PO  01/01/93  12/31/93 


RL/C3  12/01/92  05/31/93 


PL/WS  01/01/93  12/31/93 


$19947.00 

$2443.00 


$20000.00 

$15618.00 


$20000.00 

$0.00 


$20000.00 

$8004.00 


$20000.00 

$5497.00 


$19707.00 

$14552.00 


$20000.00 

$0.00 


$20000.00 

$0.00 


$20000.00 

$6747.00 


$20000.00 

$1472.00 


$20000.00 

$9580.00 


$19999.00 

$7755.00 


$19883.00 

$11404.00 


$19913.00 

$9338.00 
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1993  SREP  SUB-CONTRACT  DATA 


Report  Author 

Author's  University _ Author’s  Degree 

Hoe  ,  Benjamin  jyj  § 

Electrical  Engineering 

Polytechnic  University,  Brooklyn,  NY 


Hughes ,  Rod  m  c 

Psychology 

Bowling  Green  State  University,  Bowling  Green,  OH 

Hui ,  David  PhD 

Mechanical  Engineering 

University  of  New  Orleans,  New  Orleans,  LA 


Humi ,  Mayer 
Mathematics 
Worcester  Polytechnic 


PhD 

Institut,  Worcester,  MA 


Sponsoring 

Lab 

Performance  Period 

Contract  Amoui 
Univ.  Cost  Shai 

RL/C3 

09/01/92 

05/31/93 

S19988.00 

S7150.00 

AL/CF 

01/01/93 

04/15/94 

S20000.00 

$20846.00 

WL/FI 

01/01/93 

12/31/93 

$20000.00 

$0.00 

PL/LI 

01/01/93 

12/31/93 

$20000.00 

$5000.00 

Innocenti ,  Mario 

Aerospace  Engineering 

PhD 

WL/MN 

01/01/93  02/28/94 

$20000.00 

Auburn  University,  Auburn,  AL 

Jean ,  Jack 

PhD 

WL/AA 

$12536.00 

Computer  Science  &  Engineering 
Wright  State  University,  Dayton,  OH 

01/01/93  12/31/93 

$20000.00 

$34036.00 

Jouny ,  Ismail 

Electrical  Engineering 

PhD 

WL/AA 

01/01/93  12/31/93 

$19381.00 

Lafayette  College,  Easton,  PA 

$4500.00 

Kaikhah ,  Khosrow 

Computer  Science 

PhD 

RL/IR 

01/01/93  12/31/93 

$20000.00 

Southwest  Texas  State  College,  San  Marcos,  TX 

$0.00 

Kaw ,  Autar 

Mechanical  Engineering 

PhD 

WL/ML 

01/01/93  12/31/93 

$20000.00 

University  of  South  Florida,  Tampa,  FL 

$22556.00 

Kheyfets ,  Arkady 

Mathematics 

PhD 

PL/LI 

01/01/93  12/31/93 

$20000.00 

North  Carolina  State  University,  Raleigh,  NC 

$2500.00 

Kitchart ,  Mark 

Mechanical  Engineering 

M.S. 

AL/EQ 

01/01/93  12/31/93 

$20000.00 

orth  Carolina  A  &  T  State  University,  Greensboro,  NC 

$0.00 

Koblasz ,  Arthur 

Civil  Engineering 

PhD 

AL/AO 

01/01/93  12/31/93 

$19826.00 

Georgia  Institute  of  Technology,  Atlanta,  GA 

$0.00 

Koivo ,  A. 

Electrical  Engineering 

PhD 

AL/CF 

01/01/93  06/30/94 

$20000.00 

Purdue  University,  West  Lafayette,  IN 

$0.00 

Kundich ,  Robert 

Biomedical  Engineering 

PhD 

AL/CF 

01/01/93  12/31/94 

$20000.00 

University  of  Tennessee,  Memphis,  TN 

$23045.00 

Kuo ,  Spencer 

Electrical  Engineering 

PhD 

PL/GP 

01/01/93  04/30/94 

$20000.00 

Polytechnic  University,  Farmingdale,  NY 
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$9731.00 

1993  SREP  SUB-CONTRACT  DATA 


Report  Author 
Author’s  University 


Author’s  Degree 


Sponsoring 


Contract  Amount 


Liou ,  Juin 

Electrical  and  Computer  Engineering 
Universtiy  of  Central  Florida,  Orlando,  FL 

Liou ,  Shy-Shenq  PhD 

Engineering  . 

San  Francisco  State  Univesity,  San  Francisco,  CA 

Manoranjan ,  Valipuram  PhD 

Pure  and  Applied  Mathematics 
Washington  State  University,  Pullman,  WA 

Marks ,  Dallas 

Electrical  and  Computer  Engineering 
University  of  Cincinnati  M.L.,  Cincinnati,  OH 

Monsay ,  Evelyn  P**® 

Physics 

Le  Moyne  College,  Syracuse,  NY 


Moor ,  William 

Industrial  &  Management  Engineering 
Arizona  State  University,  Tempe,  AZ 

Moore ,  Carlyle 
Physics 

Morehouse  College,  Atlanta,  GA 


PhD 


PhD 


Mulligan ,  B. 

Psychology 

University  of  Georgia  Research,  Athens,  GA 

Murphy ,  Richard 

Physics 

University  of  Missouri,  Kansas  City,  MO 


PhD 


PhD 


Nilan ,  Michael 
Information  Studies 
Syracuse  University,  Syracuse,  NY 

Parrish ,  Allen 
Computer  Science 

University  of  Alabama,  Tuscaloosa,  AL 

Piersma ,  Bernard 
Chemistry 

Houghton  College,  Houghton,  NY 

Potasek ,  Mary 
Applied  Physics 

Columbia  University,  New  York,  NY 

Qazi ,  Salahuddin 
Optical  Communications 
SUNY/Institute  of  Technology,  Utica,  NY 

Reardon ,  Kenneth 
Agricultural  and  Chemical  Engineering 
Colorado  State  University,  Fort  Collins,  CO 


PhD 


PhD 


PhD 


PhD 


PhD 


PhD 


WL/EL 

01/01/93  12/31/93 

$20000.00 

$9073.00 

WL/PO 

01/01/93  12/31/93 

$20000.00 

$13387.00 

AL/EQ 

01/01/93  12/31/93 

$19956.00 

$10041.00 

WL/AA 

10/01/92  06/30/93 

$20000.00 

$4731.00 

RL/OC 

01/01/93  12/31/93 

$19634.00 

$1510.00 

AL/HR 

01/01/93  12/31/93 

$20000.00 

$4833.00 

AEDC  / 

01/01/93  12/31/93 

$20000.00 

$4880.00 

AL/OE 

01/01/93  04/15/94 

$19998.00 

$13936.00 

PL/WS 

01/01/93  12/31/93 

$20000.00 

$13022.00 

RL/C3 

01/01/93  12/31/93 

$19998.00 

$13016.00 

RL/C3 

01/01/93  12/31/93 

$19919.00 

$20599.00 

FJSRL/ 

01/01/93  12/31/93 

$20000.00 

$4000.00 

WL/ML 

12/01/93  11/30/93 

$20000.00 

$7806.00 

RL/OC 

01/01/93  12/31/93 

$20000.00 

$68000.00 

AL/EQ 

01/01/93  01/31/94 

$19996.00 

$12561.00 
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1993  SREP  SUB-CONTRACT  DATA 


Report  Author 

Author's  University _ Author’s  Degree 

Reynolds ,  David  PhD 

Biomedical  &  Human  Factors 
Wright  State  University,  Dayton,  OH 

Robinson ,  Donald  pjjj) 

Chemistry 

Xavier  University  of  Louisiana,  New  Orleans,  LA 

Rodriguez ,  Armando  Pf,p 

Electrical  Engineering 

Arizona  State  University,  Tempe,  AZ 

Roe ,  Larry  PhD 

Mechanical  Engineering 

Virginia  Polytechnic  Inst  &  State  Coll.,  Blacksburg,  VA 

Romeu ,  Jorge  p^U 

Assistant  Prof,  of  Mathematics 

SUNY  College  at  Cortland,  Cortland,  NY 

Roppel ,  Thaddeus  pjjj) 

Electrical  Engineering 
Auburn  University,  Auburn,  AL 

Roznowski ,  Mary  phD 

Psychology 

Ohio  State  University,  Columbus,  OH 

Rudzinski ,  Walter  Phn 

Chemistry 

Southwest  Texas  State  University,  San  Marcos,  TX 

Sargent ,  Robert  phD 

Engineering  and  Computer  Science 
Syracuse  University,  Syracuse,  NY 

Schonberg ,  William  pjjjj 

Civil  and  Environmental  Engineering 
University  of  Alabama,  Huntsville,  AL 

Shaw ,  Amab  p^p 

Electrical  Engineering 

Wright  State  University,  Dayton,  OH 

Shively ,  Jon  phD 

Engineering  &  Computer  Science 
California  State  University,  Northridge,  CA 

Slater ,  Robert  M  s 

Mechanical  &  Industrial  Engineering 
University  of  Cincinnati,  Cincinnati,  OH 

Stenzel ,  Johanna  pj,jj 

Arts  &  Sciences 

University  of  Houston,  Victoria,  TX 

Tan ,  Arjun  phD 

Physics 

Alabama  A  &  M  University,  Normal,  AL 


Sponsoring  Contract  Amour 

- Lab - Performance  Period  Univ.  Cost  Shar 

AL/CF  01/01/93  06/30/94  $20000.00 

$14063.00 


AL/OE  01/01/93  06/30/94 


WL/MN  01/01/93  12/31/93 


WL/PO  01/01/93  12/31/93 


RL/OC  01/01/93  12/31/93 


WL/MN  01/01/93  12/31/93 


AL/HR  01/01/93  03/31/94 


AL/OE  01/01/93  12/31/93 


RL/XP  01/01/93  12/31/93 


WL/MN  01/01/93  12/31/93 


WL/AA  01/01/93  12/31/93 


PL/VT  01/01/93  12/31/93 


WL/FI  01/01/93  12/31/93 


PL/LI  01/01/93  12/31/93 


PL/WS  01/01/93  12/31/93 


$20000.00 

$12935.00 


$20000.00 

$0.00 


$20000.00 

$11421.00 


$19997.00 

$7129.00 


$20000.00 

$21133.00 


$19953.00 

$6086.00 


$20000.00 

$10120.00 


$20000.00 

$11931.00 


$19991.00 

$5083.00 


$20000.00 

$4766.00 


$20000.00 

$9782.00 


$20000.00 

$8257.00 


$20000.00 

$9056.00 


$20000.00 

$1000.00 
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1993  SREP  SUB-CONTRACT  DATA 


Electrical  Engineering 

North  Dakota  State  University,  Fargo,  ND 


Introduction  -  15 


APPENDIX  1: 


SAMPLE  SREP  SUBCONTRACT 
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Are  FORCE  OFFICE  OF  SCIENTIFIC  RESEARCH 
1993  SUMMER  RESEARCH  EXTENSION  PROGRAM  SUBCONTRACT  93-133 


BETWEEN 


Research  &  Development  Laboratories 
5800  Uplander  Way 
Culver  City,  CA  90230-6608 


AND 


San  Francisco  State  University 
University  Comptroller 
San  Francisco,  C A  94132 


REFERENCE: 


Summer  Research  Extension  Program  Proposal  93-133 
Start  Date:  01/01/93  EndDate:  12/31/93 

Proposal  Amount:  $20,000.00 


(1)  PRINCIPAL  INVESTIGATOR: 


Dr.  Shy  Shenq  P.  Liou 
Engineering 

San  Francisco  State  University 
San  Francisco,  CA  94132 


(2)  UNITED  STATES  AFOSR  CONTRACT  NUMBER:  F49620-90-C-09076 


(3) 


(4)  ATTACHMENTS  1  AND  2:  SREP  REPORT  INSTRUCTIONS 


***  STGN  SRFP  SUBCONTRACT  AND  RETURN  TO  RDL*^L 
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1. 


BACKGROUND:  Research  &  Development  Laboratories  (RDL)  is  under  contract 

(F49620-90-C-0076)  to  the  United  States  Air  Force  to  administer  the  Summer  Research 

Programs  (SRP),  sponsored  by  the  Air  Force  Office  of  Scientific  Research  (AFOSR), 

Bolling  Air  Force  Base,  D.C.  Under  the  SRP,  a  selected  number  of  college  faculty 

members  and  graduate  students  spend  part  of  the  summer  conducting  research  in  Air  Force 

laboratories.  After  completion  of  the  summer  tour  participants  may  submit,  through  their 

home  institutions,  proposals  for  follow-on  research.  The  follow-on  research  is  known  as 

the  Summer  Research  Extension  Program  (SREP).  Approximately  75  SREP  proposals 

annually  will  be  selected  by  the  Air  Force  for  funding  of  up  to  $20,000;  shared  funding 

by  the  academic  institution  is  encouraged.  SREP  efforts  selected  for  funding  are 

administered  by  RDL  through  subcontracts  with  the  institutions.  This  subcontract 

represents  such  an  agreement  between  RDL  and  the  institution  designated  in  Section  5 
below. 

2.  RDL  PAYMENTS:  RDL  will  provide  the  following  payments  to  SREP  institutions: 

•  90  percent  of  the  negotiated  SREP  dollar  amount  at  the  start  of  the  SREP  Research 
period. 

•  the  remainder  of  the  funds  within  30  days  after  receipt  at  RDL  of  the  acceptable 
written  final  report  for  the  SREP  research. 

3'  INSTITUTION'S  RESPONSIBILITIES:  As  a  subcontractor  to  RDL,  the  institution 


designated  on  the  title  page  will: 

a-  Assure  that  the  ^search  performed  and  the  resources  utilized  adhere  to  those  defined 
in  the  SREP  proposal. 

b.  Provide  the  level  and  amounts  of  institutional  support  specified  in  the  RIP  proposal. 

c.  Notify  RDL  as  soon  as  possible,  but  not  later  than  30  days,  of  any  changes  in  3a  or 
3b  above,  or  any  change  to  the  assignment  or  amount  of  participation  of  the  Principal 
Investigator  designated  on  the  title  page. 
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„  Assure  to.  to  research  is  completed  and  to  final  re^n  is  delivered  to  RDL  no. 
(ate,  than  twelve  months  from  to  effective  date  of  this  subcontract  bu,  no  later  ton 
December  31,  1993.  The  effective  date  of  die  subcontract  is  one  week  after  to  date 
tot  to  institution's  contracting  representative  signs  this  subcontract,  but  no  later  than 

January  15,  1993. 

e  Assure  tot  to  final  report  is  submitted  in  accordance  with  Attachment  1. 

f  Agree  to.  any  release  of  information  relating  to  this  subcontract  (news  releases, 

arncies,  manuscripts,  brochures,  advertisements,  still  and  motion  p, Cures,  speeches, 
trade  association  meetings,  symposia,  etc.)  will  include  a  statement  to.  to  proiec. 
or  effort  depicted  was  or  is  sponsored  by:  Air  Force  Office  of  Sc.entific  Research, 

Bolling  APB,  D.C. 

g.  Notify  RDL  of  inventions  or  patents  claimed  as  the  result  of  this  research  as  spectfied 

in  Attachment  1.  ,  .  ,  .  , 

h  RDL  is  required  by  to  prime  contract  to  flow  down  patent  rights  and  technical 

requirements  in  this  subcontract.  Attachment  2  to  this  subcontiact  contents  a  Us,  of 
contract  clauses  incorporated  by  reference  in  to  prime  contract. 

All  notices  to  RDL  shall  be  addressed  to: 

RDL  Summer  Research  Program  Office 

5800  Uplander  Way 

Culver  City,  CA  90230-6608 

By  toir  signatures  below,  to  parties  agree  to  to  provisions  of  this  subcontract. 


Signature  of  Institution  Contracting  Official 


Abe  S.  Sopher 

RDL  Contracts  Manager 


Typed/Printed  Name 


Institution 


(Date/Phone) 
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ATTACHMENT  r 
CONTRACT  nr,ATTSir.s 

This  contract  incorporates  by  reference  the  following  clauses  of  the  Federal 
Acqu,S1  ,on  Regulations  (FAR),  with  the  same  force  and  effect  as  if  they  were  given  m  &U 

(FM  5Z2“  Sr*’  Cti"8  °fflCer  °r  ^  Wi"  make  th“  “I  *««  available 

FAR  CLAUSES  TITLE  AND  DATE 


52.202- 1 

52.203- 1 

52.203- 3 

52.203- 5 


52.304-6 


52.203- 7 

52.203- 12 


52.204-2 

52.209-6 


52.212-8 


52.215-1 


52.215-2 

52.222-26 


DEFINITIONS  (SEP  1991) 

OFFICIALS  NOT  TO  BENEFIT  (APR  1984) 

GRATUITIES  (APR  1984) 

COVENANT  AGAINST  CONTINGENT  FEES  (APR  1984) 

RESTRICTIONS  ON  SUBCONTRACTOR  SALES  TO  THE 
GOVERNMENT  (JUL  1985) 

ANTI-KICKBACK  PROCEDURES  (OCT  1988) 

LIMITATION  ON  PAYMENTS  TO  INFLUENCE  CERTAIN 
FEDERAL  TRANSACTIONS  (JAN  1 990) 

SECURITY  REQUIREMENTS  (APR  1984) 

PROTECTING  THE  GOVERNMENT’S  INTEREST  WHEN 
SUBCONTRACTING  WITH  CONTRACTORS  DEBARRED 
SUSPENDED,  OR  PROPOSED  FOR  DEBARMENT 
(NOV  1992) 

(SEPE1990)PRIORITY  AND  ALL0CATI0N  REQUIREMENTS 

EXAMINATION  OF  RECORDS  BY  COMPTROLLER 
GENERAL  (APR  1984) 

AUDIT  -  NEGOTIATION  (DEC  1989) 

EQUAL  OPPORTUNITY  (APR  1984) 


52.222-28 


EQUAL  OPPORTUNITY  PREAWARD  CLEARANCE  OF 
SUBCONTRACTS  (APR  1 984) 
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52.222-35 

AFFIRMATIVE  ACTION  FOR  SPECIAL  DISABLED  AND 
VIETNAM  ERA  VETERANS  (APR  1984) 

52.222-36 

affirmative  action  for  handicapped  workers 
(APR  1984) 

52.222-37 

EMPLOYMENT  REPORTS  ON  SPEdALDISABLED 
VETERAN  AND  VETERANS  OF  THE  VIETNAM  ERA 
(JAN  1988) 

52.223-2 

CLEAN  AIR  AND  WATER  (APR  1984) 

52.232-6 

DRUG-FREE  WORKPLACE  (JUL  1990) 

52.224-1 

PRIVACY  ACT  NOTIFICATION  (APR  1984) 

52.224-2 

PRIVACY  ACT  (APR  1984) 

restrictions  on  contracting  with  sanctioned 
PERSONS  (MAY  1989) 

AUTHORIZATION  AND  CONSENT  (APR  1984) 

NOTICE  AND  ASSISTANCE  REGARDING  PATENT  AND 
COPYRIGHT  INFRINGEMENT  (APR  1984) 

FILING  OF  PATENT  APPLICATIONS  -  CLASSIFIED 
SUBJECT  MATTER  (APR  1984) 

PATENT  RIGHTS  -  RETENTION  BY  THE  CONTRACTOR 
(SHORT  FORM)  (JUN  1989) 

INSURANCE  -  IMMUNITY  FROM  TORT  LIABILITY 
(APR  1984) 

INSURANCE  -  LIABILITY  TO  THIRD  PERSONS  (APR  1984) 

disclosure  and  consistency  of  cost  accounting 
PRACTICES  (AUG  1992) 

ASSIGNMENT  OF  CLAIMS  (JAN  1986) 

CONTINUITY  OF  SERVICES  (JAN  1991) 


52.225-13 

52.227- 1 

52.227- 2 

52.227- 10 

52.227- 11 

52.228- 6 

52.228- 7 
52.230-5 

52.232-23 

52.237-3 
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52.246-25 

52.249- 6 

52.249- 14 
52.251-1 


LIMITATION  OF  LIABILITY  -  SERVICES  (APR  1984) 
TERMINATION  (COST-REIMBURSEMENT)  (MAY  1986) 
EXCUSABLE  DELAYS  (APR  1984) 

GOVERNMENT  SUPPLY  SOURCES  (APR  1984) 
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APPENDIX  2: 


SAMPLE  TECHNICAL  EVALUATION  FORM 
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1993  SUMMER  RESEARCH  EXTENSION  PROGRAM 
RIP  NO.:  93-0092 

RIP  ASSOCIATE:  Dr.  Gary  T.  Chapman 

ar^gr(5srerA1r^rof°aftLterrt? foiioBed  ^  <* 

highest,  circle  the  ?aSL  Li  ^he  lovrest  and  <5>  is  the 

S  ~  3Sai^=S MSiVSg:  - 

Mail  or  fax  the  completed  form  to  : 

RDL 

Attn:  1993  SREP  TECH  EVALS 

5800  Uplander  Way 
Culver  City,  CA  90230-6608 
(FAX:  310  216-5940) 


This  SEEP  report  has  a  high  level  of  technical  merit.  12345 

missiST  Pr03ra”  1S  imP°rt“t  to  accomplishing  the  labs-s  1  2  3  4  5 

the  associate- s  pro-  1  2  3  4  5 

This  SEEP  report  addresses  areals)  important  to  the  DSflF  12345 

TVn-v  TTOTVT-I  1  1 


sSpU^oS°Uld  COntinue  to  Pursue  the  research  in  this 


1  2  3  4  5 


SpUaisoX«ed  "“int!,io  rssearch  relationships  with  this  1  2  3  4  5 

The  money  spent  on  this  SREP  effort  was  well  worth  it  12345 

This  SREP  report  is  well  organized  and  well  written  12345 

1  2  3  4  5 


a^ocUtS9"  tLbLture°°al  P°int  f“  «*» 

Sghr'year  Peri°d  f°r  CO"Plete  SREP  research  is  about 


1  2  3  4  5 


****TJSE  THE  BACK  OF  THIS  FORM  FOR  ADDITIONAL  COMMENTS**** 


LAB  FOCAL  POINT'S  NAME  (PRINT) : 
OFFICE  SYMBOL: 


PHONE : 
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FINAL  REPORT 


Ajay  Thukral,  John  E.  Cochran,  Jr. 
Department  of  Aerospace  Engineering,  Auburn  University, 


Alabama  36849-5338 


and 

Mario  Innocenti 

Department  of  Electrical  Systems  and  Automation 
University  of  Pisa,  56126  Pisa,  Italy 


submitted  to 

Research  Development  Laboratories 
5800  Uplander  Way,  Culver  City,  California  90230-6608 

under 

Contract:  RDL-93-132 


Auburn  University,  Alabama 
15  May  1994 


Preface 


This  report  documents  the  results  obtained  under  the  grant  RDL-93-132  from 
February  1993  until  February  1994.  The  work  was  performed  at  Auburn  University,  Alabama, 
m  the  Department  of  Aerospace  Engineering.  The  principal  investigator  of  record  for  the 
project  was  Dr.  John  E.  Cochran,  Jr.,  however,  the  work  was  initiated  by  Dr.  Mario  Innocenti 
while  he  was  at  Auburn.  Funhermore,  most  of  the  work  was  done  by  Dr.  Mario  Innocenti  as 
a  consultant,  and  Mr.  Ajay  Thuktal,  a  Ph.D.  candidate.  Mr.  Gregory  D.  Strawn,  graduate 
student,  also  contributed  to  the  preparation  of  the  report. 


John  E.  Cochran,  Jr. 
Principal  Investigator 
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1.  Introduction 


The  feasibility  of  combining  traditional  aerodynamic  control  with  reaction  jets, 
in  the  framework  of  missile  autopilot  design,  was  addressed  in  this  work.  The  purpose 
of  propulsive  actuation  is  mainly  to  iucmase  the  angle  of  attack  envelope  for  improved 
turn  rate  capabilities  and  maneuverability.  Due  to  nonlinear  characteristics  of  both 
controller  and  airframe  dynamics,  aerodynamic  and  geometric  model  uncertainties,  a 
control  strategy  based  on  variable  structure  systems  was  adopted.  A  control  law  was 
then  synthesized  for  a  simplified  pitch  channel  autopilot  and  used  in  a  high  angle  of 
attack  midcourse  maneuver.  Results  of  the  nonlinear  simulation  show  the  capability  of 
the  autopilot  to  satisfy  the  control  objectives  for  a  variety  of  flight  conditions. 


1.1.  Motivation 

Future  missile  systems  will  be  required  to  possess  higher  turn  rates  and  larger 
maneuverability  envelopes,  while  simultaneously  meeting  the  requirement  of  reduced 
storage  and  signature.  In  this  respect,  efforts  are  under  way  to  evaluate  alternate 
methods  of  missile  control  as  opposed  to  purely  aerodynamic  control  [1],  [2],  [3], 

Several  technology  payoffs  can  be  envisioned  if  alternate  control  strategies  are 

implemented,  among  which  there  are: 

.  decreased  stowage  volume  for  internal  carriage,  especially  important  for  the  type  of 
fighters  currently  being  developed, 

.  increased  maneuverability  and  off-boresigh,  capability  for  improved  all-aspect 
defensive  shield, 

.  high  angle  of  attack  launch  capability  to  take  advantage  of  improved  aircraft  agtlity. 
and  better  end-game  accuracy . 
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The  achievement  of  these  payoffs  poses  difficult  challenges  to  the  control  system 
designer  that  encompasses  all  phases  of  flight  For  example,  during  separation,  an 
increase  in  pitch-up  tendencies  can  be  expected  due  to  lack  of  sufficient  aerodynamic 
stabilization  to  achieve  high  maneuverability  and  high  angles  of  attack.  In  the  midcourse 
phase,  the  system  may  be  required  to  perform  fast  180-degree  turns  to  account  for 
defense  and  engagement  against  tail-positioned  threats.  During  the  end-game,  the 
reduced  aerodynamic  control  effectiveness  due  to  limited  fin  size  must  be  appropriately 
compensated  for  in  order  to  generate  sufficient  load  factors  in  a  very  short  time. 

The  desire  to  limit  its  cross  section  and  volume  drastically  reduces  the  amount  of 

aerodynamic  effectiveness  of  a  missile.  This  loss  in  control  power  must  be  compensated 

for  and/or  augmented  by  using  alternate  technologies.  Possible  options  are  reaction- 

based  control  in  the  form  of  thrust  vectoring  (TVC)  and/or  a  reaction  jet  thrusters 

(RCS).  A  generic  configuration  based  on  three  possible  control  sources  is  shown  in 
Figure  1. 


Figure  1.  Generic  Control  Cconfiguration 

The  potential  modifications  involving  the  implementation  of  propulsion  control 
and  its  integration  with  aerodynamic  surfaces  are  several,  and  their  description  and 
implications  are  beyond  the  scope  of  the  present  research.  Just  to  summarize  some  of 
the  aspects,  however,  we  mention  the  technology  involved  with  the  design  of  each 
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component,  as  well  as  the  integration  of  dements  leading  to  variable  degree  of  effori: 
from  the  mere  addition  of  actuator  on  existing  airframe,  all  the  way  to  a  new  mtsstie 
design.  The  work  done  under  this  gram  was  concentrated  on  one  of  the  propuls.ve 
solutions,  specifically  the  use  of  reaction  jets.  The  application  of  thrust  vector  control  is 


addressed  in  reference  [4]. 


1.2.  Maneuver  Description 


In  order  to  gain  appreciation  for  some  of  the  problems  involving  reaction  jet 
control  and  its  blending  with  traditional  aerodynamic  control,  a  high  angle  of  attack 
midcourse  maneuver  was  chosen  as  test  scenario.  In  particular,  a  two-dimensional, 
heading  reversal  trajectory  in  the  longitudinal  plane  was  selected  as  a  typical  defens, ve 
maneuver  against  tail  and  fly-by  threats  as  shown  schematically  in  Figure  2. 


Figure  2.  Selected  Midcourse  Trajectory 
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Many  challenges  to  guidance  and  control  systems  are  posed  by  the  above 
selection.  To  completely  overcome  them  will  require  much  greater  effort  than  that 
available  during  the  present  research.  However,  some  of  the  critical  issues  are  addressed 
here  leading  to  a  preliminary  design  of  the  autopilot 

The  maneuver  is  a  180-degree  off-boresight  trajectory  with  turn  rates  of  the 
order  of  80  deg/sec,  capable  of  pointing  as  well  as  flying  the  missile  roughly  in  the 
opposite  direction  as  quickly  as  possible  along  a  minimum  radius  turn  path  and  in  a  time 
frame  of  the  order  of  two  seconds. 

The  specifications  involve  both  guidance  and  autopilot  requirements.  The 
guidance  aspects  deal  with  the  generation  of  an  appropriate  flight  path  along  which  the 
missile  turns  in  minimum  time  changing  its  heading  and  an  attitude  of  up  to  1 80  degrees. 
The  selection  of  this  path  could  depend  on  agility  issues  and/or  tactical  ones.  The 
autopilot  aspects  deal  with  the  creation  of  forces  and  moments  on  the  missile  capable  of 
generating  accelerations  and  attitude  rates  required  by  the  guidance  system.  Appropriate 
blending  of  aerodynamic  and  reaction  jet  controls  may  be  required  since,  during  parts  of 

the  trajectory,  the  missile  may  experience  loss  of  lifting  capabilities  due  to  angles  of 
attack  much  higher  than  stall. 

In  this  report  we  do  not  address  the  question  of  guidance  law  design,  rather  we 
present  the  development  of  a  nonlinear  autopilot  logic  capable  of  implementing  the 
maneuver,  and  a  blending  strategy  which  uses  aerodynamic  control  at  low  angles  of 
attack  and  RCS  control  when  the  missile  angle  of  attack  is  higher  stall. 


13.  Summary  of  Results 

The  results  provided  in  this  report  are  in  terms  of  autopilot  structure,  gains  and 
simulation  data.  The  theoiy  of  variable  structure  control  is  briefly  reviewed  first,  then  a 
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description  of  the  model  dynamics  derivation  a,  low  and  high  angle  of  attack  is  presented 

to  set  the  analytical  framework  for  the  autopilot  design. 

The  design  of  the  autopilot  is  the  central  part  of  the  report.  The  design  includes: 

control  structure,  controller  gain  matrices,  and  block  dia^ams.  The  performance  of  the 
closed  loop  system  is  evaluated  using  a  nonlinear  simulation  code  that  contains  attitude 
as  well  as  point  mass  dynamics  of  the  missile.  The  simulation  code  was  written  using 
Matlab®  and  the  software  is  included  with  this  report  as  part  of  the  deliverables. 

2.  Variable  Structure  Control 

Variable  structure  control  has  been  described  in  the  former  Soviet  literature  since 
die  early  sixties,  see,  for  example,  Emelyanov  [5],  Utkin  [6]  and  Itkis  [7],  among  others. 
Invariance  of  VSC  to  a  class  of  disturbances  and  parameter  variations  was  fust 
developed  by  Drazenovic  in  1969  [8],  In  the  past  two  decades,  a  large  amount  of 
research  has  been  performed  in  the  area  by  the  international  community.  This  research 
has  linked  VSC  to  adaptive  control  and  model  reference  adaptive  control,  using 
Lyapunov  conuol  techniques.  Also,  investigators  have  derived  connections  of  VSC  with 
hyperstability  theory,  and  solved  VSC  hacking  problems  (see  references  [9]  and  [10]  for 

a  survey  on  the  subject). 

Most  of  the  applications  of  VSC  have  been  in  the  areas  of  industrial  conuol  and 
robotics.  Only  recently  some  work  has  been  done  in  the  aerospace  field.  Applications  to 
aircraft  conuol  have  been  presented  by  Calise  and  Kramer  [11]  where  robustness  with 
respect  to  nonlinearities  is  addressed,  and  by  Innocent!  and  Thukral  [20].  Mudge  and 
Patton  [12],  solved  the  sensitivity  to  parameter  variations  by  incorporating 
eigenstructure  assignment  in  the  structure  of  the  conuol  law,  Hedrick  et  al.  [13]  used 
Slotine's  concept  of  boundary  layer  to  eliminate  chattering.  Lyapunov  stability  theory 


19-13 


and  VSC  were  used  by  Vadali  in  designing  large-angle  maneuvers  controllers  for  a 

spacecraft  [14].  Applications  to  missiles  appear  to  have  been  confined  mainly  to 
guidance  schemes  [15],  [16]. 

The  essential  feature  of  a  variable  structure  controller  is  that  it  uses  nonlinear 
feedback  control  with  discontinuities  on  one  or  more  manifolds  (sliding  hyperplanes)  in 
the  state  space,  or  error  space,  in  the  case  of  model  following  control.  This  type  of 
methodology  is  attractive  in  the  design  of  controls  for  nonlinear,  uncertain,  dynamic 
systems  with  uncertainties  and  nonlinearities  of  unknown  structure  as  long  as  they  are 
bounded  and  occurring  within  a  subspace  of  the  state  space  [9],  Ryan  and  Corless  [17] 
have  also  shown  that  VSC  could  be  used  to  establish  -almost  certain1  convergence  to 
vicinity  of  the  origin  for  a  class  of  uncertain  systems.  A  brief  description  of  the 

principles  of  variable  structure  systems  is  now  presented,  and  essentially  follows  those  of 
references  [6]  and  [9]. 

The  basic  feature  of  VSC  is  sliding  motion.  This  occurs  when  the  system  state 
continuously  crosses  a  switching  manifold  because  all  motion  in  its  vicinity  is  directed 
towards  the  sliding  surface.  When  the  motion  occurs  on  all  the  switching  surfaces  at 
once,  the  system  is  said  to  be  in  the  "sliding  mode"  and  then  the  original  system  is 
equivalent  to  an  unforced,  completely  controllable  system  of  lower  order. 

The  design  of  a  variable  structure  controller  consists  of  several  steps:  the  choice 
of  switching  surfaces,  the  determination  of  the  control  law  and  the  switching  logic 
associated  with  the  discontinuity  surfaces  (usually  fixed  hypeiplanes  that  pass  through 
the  ongin  of  the  state  space).  To  ensure  that  the  state  reaches  the  origin  along  the  sliding 
surfaces,  the  equivalent  system  must  be  asymptotically  stable.  This  requirement  defines 
the  selection  of  the  switching  hypeiplanes  (sometimes  called  the  “existence”  problem), 
which  is  completely  independent  of  the  choice  of  control  laws.  The  selection  of  the 
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control  law  is  the  so-called  “teachability"  problem.  It  requires  that  the  system  be  capable 

of  reaching  the  sliding  hypersurface  from  any  initial  state. 

During  operation  in  the  sliding  mode,  the  discontinuous  control  chatters  about 

the  switching  surface  a.  high  frequency.  Chatter  is  the  major  problem  associated  with 
this  type  of  control.  Execution  of  control  commands  may  -quite  high  energy  effort 
from  the  actuators,  thus  leading  to  continuous  saturation.  I.  can  also  excite  neglected 
high  order  dynamics.  This  is  perhaps  the  reason  why  VSC  has  not  yet  found  wtder 
acceptance  in  the  flight  control  community,  where  smoothness  of  actuation  is  desnable 
avoid  saturation  and,  possibly,  instability.  The  introduction  of  discontinuous 
actuators  such  as  reaction  jets  and  active  flow  control  is  however  changing  tins 
perspective  and  variable  structure  systems  are  being  viewed  as  a  viable  altemanve  to 

traditional  relay  control  strategies. 

There  are  several  ways  to  mitigate  the  effects  of  chattering,  with  little  loss  in 
performance.  These  include  the  definition  of  a  boundary  layer  near  the  sliding  surface  as 
introduced  by  Slotine,  and/or  the  introduction  of  a  smoothing  parameter  in  a  unit  vector- 
type  control  law  as  shown  by  Ambrosino  et  al  [18],  Burton  and  Zinober  [9],  Balestrmo 
[19],  and  Thukral  and  Innocent!  [20],  The  latter  approach  was  used  in  the  present  work. 

As  noted  in  [21],  the  smoothing  factors  do  not  guarantee  full  robustness, 
however  such  relaxation  is  the  price  paid  for  avoiding  actuator  saturation.  Of  course, 
smoothing  is  not  necessary  when  on-off  actuators  such  as  thrusters  are  being  used. 

The  general  control  problem  is  based  on  the  following  nonlinear,  uncertain,  and 

controllable  dynamic  system 
x  =  (A  +  M)x  +  {B  +  AB)u  +  Cv 

y  =  X  +  W 

where  the  sate  and  input  vectors  have  dimensions  n  and  m  respectively,  vffl  is  a  one¬ 
dimensional  disturbance  vector  also  representing  nonlinearities  and  MO  is  a  vector  of 
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output  (measurement)  uncertainties.  The  parameter  variation  matrices  AA  and  AB  can  be 
uncertain  and  time  vaiying.  Matching  conditions  are  assumed  to  be  satisfied  by  the 
matrices  A A,  AB  and  C,  thus  satisfying  Drazenovic  invariance  conditions  as  well  as 
perfect  model  following  [8].  Since  matching  requires  AA,  AB  and  C  to  be  in  the  range 

space  of  B  (assumed  to  be  full  rank),  the  following  relations  are  necessary  for  perfect 
invariance 

A A=BD, 

AB  =  BE, 

(2) 

C  =  BF 

where  D,  E,  and  F  have  dimension  nxn,  mxm  and  mxl  respectively.  The  purpose  of  a 
VSC  design  is  then  to  determine  the  control  law  u  of  the  form 


ul(x)J“tforsM>0 

[uiforsi(x)<  0  (3) 

with  the  switching  hyperplanes  denoted  in  matrix  form  by 
s  =  Gx 

(4) 

where  ^  is  m-dimensional  and  G  is  an  mxn  constant  matrix.  For  a  stable  sliding  motion 

to  occur  on  all  surfaces,  the  following  conditions,  based  on  Lyapunov’s  stability  theory, 
must  be  satisfied: 

s i  si  cO  near  57  =  0  s  =  Gx  =  j  =  Gx  =  O  in  the  sliding  mode.  (5) 

Since  the  sliding  mode  belongs  to  the  null  space  of  G,  if  the  product  GB  is 
nonsingular,  the  sliding  motion  is  independent  of  the  control  law.  During  sliding,  from 
Eqs.  (1)  and  (5)  we  can  determine  an  equivalent  control  law 


ueq  =  -  (GB)'1  G  (Ax  +  h  ] 
h  =  AAx  +  ABu  +  Cv 


(6) 
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Since  the  notching  conditions  (2)  are  assumed  to  be  valid.  the  system  dynamics  during 
sliding  arc  then  governed  by 

i  =  [/-B(GBr'G]/U  (7) 

showing  the  sliding  motion  to  be  insensitive  to  unknown,  but  bounded,  parameter 
variations  and  disturbances.  The  selection  of  the  switching  surfaces,  i.  e.  G,  depends  on 

the  desired  system  behavior  during  sliding  and  given  by  Eq.  (7). 

To  select  the  switching  surfaces,  we  consider  first  a  nominal  system  extracted 

from  (1)  and  given  by 

x  =  Ax  +  Bu  ,g^ 

y  =  * 

s  =  Gx 

In  order  to  simplify  the  design  scheme,  we  transform  Eq.  (8)  into  a  controllable 
canonical  torn,  using  the  transformation  ,  =  Tx,  where  T  is  an  orthogonal  matrix.  This 
yields,  [with  Au  square  of  dimensions  (n-m)] 


y  =  TTq. 

s  =  GTTq  =  [Gx  G2]q 


(9) 


Note  that,  since  GB  is  nonsingular,  so  are  G2B2  and  G2.  During  sliding,  we  have  from 
s  =  O 


Q\  =  [^11  ~Al2^]cil  (I®) 

q2  =  -Kqx 

with  K  =  G2G 

The  sliding  motion  occurs,  therefore,  in  the  n-m  dimensional  subspace  of  the 
state  space.  The  choice  of  K,  and  consequently  of  G,  is  free  for  the  designer  to  choose 
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and  several  methods  have  been  used  in  the  literature  such  as  pole  placement, 
eigenstructure  assignment  [12],  and  optimal  control  [20],  Using  the  latter  method  to 
find  K,  we  can  set  up  an  LQR  synthesis  that  minimizes 

1  °° 

J  ~  ~  \[xTQx ]  dt  with  Q  >  0 
1  t 

subject  to  the  constraints  given  by  Eq.  (10).  The  above  index  of  performance  can  be 
reduced  to  the  transformed  state  space  q  by  using  T.  We  can  write 

tqtt  =  ^12 

Q21  Q22. 

If  we  let 

[^*  ~®n~ Q12Q22Q21 

A  =4n  -  ^12022 221  q  j) 

^  =  <J2+Q22Q2lQl 

then  the  LQR  problem  has  now  the  standard  form 


Q*q^^TQ22^y 

q\  =  A  <7i  +/I12?. 


(12) 


After  solving  for  the  appropriate  Riccati  matrix  P  associated  with  Eq.  ( 12),  we  obtain 
*  =  2221[22i  +  A172/>].  (13) 

A  simple  method  for  deriving  the  switching  matrix  G  in  (10)  from  Eq.  (13)  is  given  in  [9] 
and  [20].  If  we  let  G2=Im,  then  [Gj  G2]  =  GTt  =  [K  1 m],  thus 

°<K  ^T-  (14, 

Having  specified  the  sliding  surfaces,  we  now  turn  our  attention  to  the 
computation  of  the  control  law  u,  that  will  drive  the  state  vector  *  into  the  null  space  of 
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c  and  maintain  it  them.  The  choice  of  control  is  ordy  limited  by  the  discontinuity  on  one 

or  mote  subspaces  containing  the  null  space  of  G  as  stated  in  Eq.  (3). 

In  general,  the  VSC  control  law  u  consists  of  a  linear  component  ^  and  a 
nonlinear  one  *  combined  together  to  produce  the  feedback,  with  the  nonlinear 
component  incorporating  the  discontinuous  elements.  In  the  present  work,  the  followmg 
initial  structure  for  the  control  law  is  chosen  to  be 

Nx 


u  =  uL  +uN  =Lx  +  p 


(15) 


\\MxW 


The  linear  component  is  typically  a  Ml  state  feedback,  while  the  nonlinear  element  has  a 
unit  vector  form  [9],  [191  that  is  easier  to  implement  than  other  structures.  The 
parameter  matrix  p  is  free  to  be  chosen  and  the  matrices  N,  M,  and  C  [see  Eq.  (14)1 

belong  to  the  same  null  space. 

To  compute  the  gain  matrices  L,  M,  and  N  in  Eq.  (15),  we  follow  the  procedure 
described  in  [17]  and  [201,  or  we  use  a  simple  sign  function  depending  on  the  phase  of 

flight  as  described  in  section  4. 

Let  us  define  a  new  nonsingular  transformation  matrix  T2  as 


T2  = 


In-m  0 


K  I 


m  J 


Using  the  above  matrix  the  state  vector  q  is  changed  into  z  T2q,  with  zj  qj  and 
z2  =  Kqj+  <?2-  The  dynamics  of  z  are  then  given  by 


[  i\  =  AjZi  +  Ai2*2 
Iz2  =  A2Zl  +  A3z2+£2M 


(16) 


where 


Ai  =  An  —  (i7 ) 

.  A2  =  Kk\  +  A2i  -  A22 K . 

A3  =  KA\2  +  ^22 
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To  attain  a  sliding  mode  it  is  required  from  (10)  and  (16)  that  z  =  z  =  0, 
therefore  we  can  define 

u(z)  =  +  uN  where 

uHi)  =  -Bi  >[a2  (a3  -  A*3 J]r  =  -0  2  (]8) 

where  A3  is  a  stability  matrix  whose  eigenvalues  determine  the  speed  and  transient 
characteristics  with  which  the  state  vector  asymptotically  attains  a  sliding  motion.  The 
nonlinear  component  allows  the  state  r2  to  reach  the  sliding  mode  in  finite  time.  By 
defining  P}>0  to  be  the  solution  of  the  Lyapunov  equation 
/!A*3+(A3)7>1+/w=0 

we  can  set 

uN  =  -pKl3z2 

lW  '  («) 

finally,  returning  to  the  original  state  vector  x  we  have  the  control  law  given  by 
Eq.  (15),  with  gain  matrices 


L  =  -Q  T2T 
n  =  -b21[ 0  P\]T2T. 
M  =  [°  Pl]T2T 


(20) 


When  there  are  disturbances  and  parameter  variations  included  in  the  system 
dynamics  as  in  Eq.  (1),  the  control  law  (15)  and  gain  matrices  (20)  still  hold,  the  output 
vectory  however  appears  in  the  control  structure  in  place  of  *  and  p  becomes  a  function 
of  the  off-nominal  components  M,  Afi,  etcetera.  Details  on  the  computation  of  p  can  be 

found  in  [10]  and  [17],  Briefly,  recalling  the  uncertain  system  model  (1),  and  using  Eqs. 
(2)  and  (15),  we  obtain  the  form 
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3.  Select  the  speed  with  which  sliding  is  to  be  attained  by  choosing  A*  in  Eq.  ( 1 8) 

4.  Compute  the  control  gain  matrices  using  Eq.  (20) 

5.  Select  p  according  to  the  perturbations  included  in  the  model,  else  choose  it  to  be 
a  constant 

6.  Implement  a  smoothed  control  law  by  proper  choice  of  8  in  Eq.  (23) 

TTie  general  procedure  described  above  will  be  specialized  and  applied  to  the 
autopilot  design  in  section  4. 

3.  Missile  Dynamics 


This  section  describes  the  derivation  of  governing  equations  of  motion  for  the 

system’s  dynamics  and  reviews  the  underlying  theory  behind  the  modelling  of  the 
aerodynamic  characteristics. 

3.1.  System  Characteristics 

Before  we  can  design  an  autopilot,  a  model  of  the  system  to  be  controlled  must 
be  available.  Since  the  flight  envelope  of  interest  here  includes  both  low  and  high  angle 
of  attack  conditions,  two  dynamic  models  were  established,  the  first  is  based  on  the 
standard  short  period  mode  approximation.  The  second  is  a  combination  of  pure 
pitching  motion  and  point  mass  dynamics.  From  the  viewpoint  of  aerodynamics,  the 
system  dynamic  models  are  based  on  a  generic  air-to-air  configuration  corresponding  to 
a  standard  cruciform  axial-symmetric  shape  shown  in  Figure  3.  Preliminary  analyses  [2], 
[4],  indicated  that  structure  flexibility  was  not  a  crucial  issue  for  such  geometry.  The 
estimated  first  bending  mode  natural  frequency  is  of  the  order  of  30  Hertz  and  outside 
the  projected  autopilot  bandwidth.  For  this  reason,  the  system  was  modelled  as  a  rigid 
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body  That  is  no  bending  dynamics,  which  may  requite  filtering  were  included  in  the 
present  work.  The  rigid  body  hypothesis,  however,  needs  to  be  addressed  in  a  future 
follow-on  activity  where  different  lengti,  to  caliber  ratios  are  investigated.  The  mam 
geometric  characteristics  are  listed  in  Table  1. 


Figure  3.  Missile  Configuration 


Table  1.  Physical  and  Geometric  Characteristics 


Lref 

S 

mass 

Iy  =  IZ 
lx 

Fins 

lrcs 

xcg 

Length 

Diameter 


0.4167  ft 
0.1367  sqft 
7.0  slugs 
51.0  sl-sqft 
0.229  sl-sqft 
X  configuration 

3.167  ft  from  tip 

4.167  ft  from  tip 
8.67  ft 

0.4  ft 
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The  aerodynamic  control  forces  and  moments  are  generated  by  deflecting  fins. 
The  fins  are  smaller  than  traditional  ones.  The  sign  convention  is  taken  from  [22],  which 
defines  a  positive  panel  (surface)  deflection  as  one  that  produces  a  negative  rolling 
moment  increment  at  zero  angle  of  attack  and  sideslip.  This  sign  convention,  along  with 

the  relative  panel  deflections  for  pitch,  roll,  and  yaw  control,  respectively,  are  illustrated 
in  Figure  4  and  Table  2. 


Figure  4.  Control  Panel  Deflections  (from  rear) 


Table  2.  Moments  and  Panel  Deflections 


Moment 

Pan-1 

Pan-2 

Pan-3 

Pan 

Pitching 

-5 

-8 

+8 

48 

Rolling 

-8 

-5 

-8 

-8 

Yawing 

+5 

-5 

-8 

+8 

Neutral 

+8 

-5 

48 

-8 

By  convention,  pitch-up  corresponds  to  a  positive  pitching  moment.  For  a  flight 
vehicle,  this  corresponds  to  a  negative  "elevator"  deflection.  If  panel  1  is  selected  as 
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reference,  the  sign  convendon  is  the  standard  one.  Similarly  for  roll  and  yaw  rotadons. 
The  fin  actuators  were  modelled  as  Unear  first  order  systems  in  the  present  analysts. 

me  propulsion  system  consists  of  a  set  of  teaction  jets  (RCS)  and  a  main  engine. 
Because  this  work  is  preliminary  in  nature,  the  location,  size,  and  detailed  operational 
characteristics  of  the  thrusters  are  not  discussed  here  in  any  dentil.  The  interacdon 
between,  aerodynamic  flow  and  jet  plumes  has  also  been  neglected  up  to  this  point. 

For  the  purpose  of  the  present  study,  the  actuation  characteristics  of  the  thrusters 
were  modeUed  as  those  of  a  typical  relay,  with  a  constant  output  thrust,  chosen 
nominally  as  500  lbs,  and  a  first  order  lag  as  shown  schematically  in  Figure  5.  Dunng 
the  simulation,  a  parametric  analysis  was  carried  out  using  different  values  of  nominal 

thrust. 


Figure  5.  RCS  Model 


■me  main  engine,  which  in  principle  could  have  thrust  vectoring  capabiUties,  was 
assumed  operating  a.  a  nominal  thrust  TE  =  5,000  lbs.  me  engine  was  used  during  the 
post-stall  phase  of  the  maneuver  when  boosting  was  needed  in  order  to  recover  the 
dynamic  pressure  lost  and  to  provide  velocity  vector  rotation,  me  firing  time  interval 
during  this  phase  was  another  parameter  varied  in  the  simulation  analysis. 

me  nominal  flight  condition  was  chosen  to  be  that  of  Mach  0.8  and  altitude  of 
10,000  feet.  A  summary  of  flight  condition  and  propulsion  data  is  given  in  Table  3. 
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Table  3.  Missile  and  Flight  Condition  Data 


Main  Engine  Nominal 
Reaction  Jets  Nominal 
RCS  Time  Constant 
Elevator  Time  Constant 
RCS  Deadband 
Reference  Mach  Number 
Trim  Altitude 
Trim  Angle  of  Attack 
Trim  Attitude 


Te  =  5,000  lbs 
Trcs  =  500  lbs 
*u  =  1/500  sec 
T5  =  1/180  sec 
variable  by  design 
M  =  0.8 
h=  10,000  ft 
10  degrees 
10  degrees 


3.2.  Missile  Aerodynamics 

The  aerodynamic  forces  and  moments  are  usually  obtained  from  wind  tunnel  data 
of  the  vehicle  and  then  "tuned"  using  flight  testing.  In  the  present  work,  neither  type 
data  was  available  and  analytical  and  numerical  prediction  methods  were  used.  The 
uncertainty  and  parameter  variations  introduced  this  way  were  then  used  as  robustness 
test  for  the  variable  structure  controller. 

In  the  maneuver  chosen  as  the  test  scenario  for  autopilot  validation,  the  vehicle 
experiences  a  wide  range  of  variations  in  angle  of  attack  .  Due  to  the  absence  of  data, 
the  computation  of  aerodynamic  coefficients  was  carried  out  by  considering  two 
different  flight  regimes.  First,  the  missile  DATCOM  code  [22]  was  used  for  low  angles 
of  attack  (predefined  by  being  below  an  assumed  stall  value  between  35  and  40  degrees). 

Second,  classical  fluid  dynamics  prediction  methods  [23],  [24]  were  used  for  high  angles 
of  attack  (up  to  90  degrees). 

For  bluff  bodies,  including  streamline  bodies  at  high  angles  of  attack,  the  flow 
separates  causing  a  large  wake  behind  the  body.  The  predominant  component  of  the 
drag  force  is  therefore  pressure  drag.  The  estimation  of  the  aerodynamic  forces  was 
done  assuming  the  missile  as  a  cylinder  and  neglecting  the  interference  effect  between 
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wings  and  main  body  as  a  first  approximation.  For  the  present  work  it  was  also  assumed 

that  the  center  of  pressure  was  coincident  with  the  geometric  center  of  the  missile. 

The  main  aerodynamic  force  at  high  angles  of  attack  is  the  normal  force  N.  The 

,  r  r  -  N/OS  where  Q  is  the  dynamic  pressure  and  S  the 

normal  force  coefficient  CN  -  wyz  ,  wnc  ^ 

reference  area,  is  a  firnction  of  (1)  angle  of  attack,  (2)  Reynolds  number,  and,  (3)  Mach 
number.  The  coefficient  CN  was  first  compared  as  a  function  of  Re,  at  aero  angle  of 
a, reck  and  constant  Mach  number,  then  modified  accordingly.  Based  on  the  above 
assumptions,  a  code  was  written  re  obtain  aerodare  for  high  angle  of  attack  values. 

Reynolds  Number  (Re) 

For  very  low  Re,  the  flow,  described  as  "  creeping  flow  ",  creates  pressure 
differentials  equivalent  to  skin  friction.  For  symmetric,  elliptical  cylinders,  the  drag 

coefficient  based  on  the  frontal  area  is  given  by 
CD0  =  Sn/  Rd  /[c/(c  +  /j)  +  l-5-2.31n(/?*)] 

where  h  is  the  height  and  c  is  the  length  of  the  axis  of  the  cylinder  in  the  flow  direction  as 
shown  in  Figure  6.  The  Reynolds  number  R*  is  defined  as 

(25) 

R*=V{h  +  c)/2/v 

For  a  cylinder,  Rd  =  Wo.  since  *  =  c  and  d  =  <k  ♦  00.  Thus,  for  a  cylinder 
with  Rd  <  1,  the  drag  coefficient  at  zero  angle  of  attack  is 
Q)0  =  10-9/  Rd  / (0.87  —  In  /fy) 

If  Rd>\,  dynamic  forces  of  the  fluid  cannot  be  neglected  since  they  influence  the 
Cdo.  Dynamic  forces  are  predominant  over  the  viscous  forces  to  such  an  extent  that 
they  cause  periodic  shedding  of  vortices  behind  blunt  bodies  at  a  non-dimensional 
frequency,  which  increases  steadily  with  the  Reynolds  number.  Tins  type  of  vorrex 
pattern  is  found  in  the  wake  of  2-D  bodies,  such  as  cylinders,  plates  or  bluff  rods. 


19-26 


Figure  6.  Elliptical  Cylinder  and  Dimensions 


This  comparatively  stable  system  is  called  "double-row  vortex  trail”  or  "vortex- 

street".  Straight  vortices  are  periodically  released  from  the  two  sides  of  the  body.  If  the 

cylinder  is  moving  with  respect  to  fluid  at  a  velocity  w.  the  vortex  street  foUows  the 
cylinder  at  velocity  w.  The  distance  between  two  vortices  is  x,  as  shown  in  Figure  7. 
Both  w  and  X  are  difficult  to  predict  theoretically.  Below  the  critical  Reynolds  number, 
w!V  =1/6  and  xld  -  4.5(based  on  tests),  and  CD0  =  4.5 CDx,  where 
CDx=D/ (< qbx )  =  1. 6(w /  V)  - o. 64 (w /  V)2 

where,  b  is  the  span  of  the  cylinder.  It  has  been  shown  that  the  drag  equivalent  for  a 
bluff  body,  such  as  a  cylinder  is  entirely  contained  in  the  vortex  system.  It  is  emphasized 
that  the  vortex  street  is  a  mechanism  which  leads  to  a  realistic  drag  coefficient,  without 
introducing  any  qualitative  viscosity  values.  The  frequency  indicating  the  "Strouhal 
number,"  reaches  a  constant  level  in  the  vicinity  of  Rj  =  103.  For  regions  from  1  to  103 

a  curve  fit  is  a  good  enough  approximation.  Accurate  calculation  of  CD0  requires 
however  the  knowledge  of  pressure  coefficient,  Cp. 
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Figure  7.  Vortex  Street 


Vnrfpx  frequency. 

The  number  of  vortices  formed  at  one  side  of  the  street  in  a  unit  time  is  given  by 

(27) 

/=  (V-w)lx 

where  w  =  V/6,mdx  =  45  d.  The  Strouhal  number  S,  is  defined  as 

(28) 

S  =  Strouhal  number  =fh/V 

where  h  =  d  for  cylinder.  For  a  flat  plate,  h  is  the  height  of  the  plate.  The  drag 
coefficient  CD0 ,  is  given  by 

c|/q  =  0.21  /  S  =>  CD0  =  (0.21  /  s)3/4.  (29) 

Equation  (27)  can  be  rewritten  as 

fx  =  V(1  -  wIV  )=  V  (1  - 1/6)  =  V(5/6).  (30) 

The  Strouhal  number  S  =  (Vlx)  (5/6)  (h/V)  =  (5/6)(/*/x)  =(5/6)  (1/4.5)  ,  and  therefore, 

Cd°1S  (31) 

C[)0  =  0-21  /  -S  =  1. 134 

Thus  for  Reynolds  number,  R*d  e  (l03,106),  the  above  equation  gives 

CdO  ~  1-182-  . 

Transition  from  laminar  to  turbulent  flow  causes  an  appreciable  change  in  D0 
value.  Since  this  depends  on  factors  like  turbulence  in  wind,  surface  type,  mechanical 
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vibrations,  it  will  be  assumed  that  the  transition  occurs  when  Recr  =  3*105  is  reached. 
The  value  of  CD0  then  falls  to  0.3.  The  value  of  CD0  increases  for  higher  Reynolds 
number  but  was  assumed  to  be  constant  and  equal  to  0.3.  For  Reynolds  number  Rd*  e 

(1,1000),  CD0  was  linearly  interpolated  and  approximated  by  : 

CD0  =“  0.1 1358 lRd  + 12.5401  ^ 

Mach  Number  Effect 

For  bluff  bodies,  like  a  cylinder  lying  across  the  flow,  as  the  Mach  number 
increases,  there  is  an  appreciable  change  in  stagnation  pressure,  while  the  base  pressure 
remains  unchanged.  The  drag  due  to  the  nose  pressure  is  adjusted  by  a  factor  (1  +  0.25 
M2)  whereas  the  drag  due  to  the  base  pressure  remains  unchanged.  For  a  plate  it  has 
been  shown  that  50%  of  the  drag  is  from  base  and  50%  from  nose.  For  the  cylinder  we 
do  not  have  such  numbers  and  the  estimate  used  are  based  on  the  flat  plate.  Thus 

Q>0  =Q?o[0-5  +  0.5(l  +  0.25M2)j  =  CZ)o[l.O  +  0.125M2]  (32) 

which  is  valid  up  to  the  transonic  region. 
grQSS  Flow  Principle 

The  cross  flow  principle,  states  that  the  fluid  dynamic  pressure  forces  on  a  bluff 

body  corresponds  to  the  velocity  component  normal  to  cylindrical  axes,  which  is 
Vsin(a),  as  shown  in  Figure  8. 

The  following  is  then  valid  up  to  the  critical  Reynolds  number  3*105,  if  the 
cross-sectional  area  5  =  d  b  is  the  frontal  area  for  which  CDbasic  is  defined.  Then 
CN  =  N/  QS  =  CDbasic  sin2a 
and 


CD  =  CDbasic  sil1 3  « 

CL  -  CDbasic  sin  2  a  cos  a 
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CL 


These  equations  are  valid  for  sub-critical  Reynolds  number  Recr  3*105. 
Adding  A  CD  =  fCj  to  CDbask  improves  tire  above  prediction.  Tte  cross-flow 

principle  is  not  valid  for  super-critical  conditions. 

Reference  Area  Correction 

The  reference  area  for  a  missile  is  defined  in  terms  of  ns  cross-sectional  area 
S'=nd2l4.  Therefore, 

CN  =C*(S/y)  =  CDto*(S/y)sin2a  (33) 

■CD=CBtoic(S/y)sin3a 
CL  =  CDbas!c(SIS)s in2acosa 

.. 

are  the  correct  aerodynamic  coefficients  for  the  missile. 

In  summary,  Cqq  calculation  involves . 

(a)  Finding  CD0  based  on  Reynolds  number 

(b)  Adjusting  for  compressibility 

(c)  Using  cross-flow  correction  to  get  final  Q)0 

(d)  Correcting  the  reference  area. 
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Table  4  gives  the  aerodynamic  coefficients  for  various  values  of  alpha  trim  and 

various  Mach  numbers  as  obtained  from  DATCOM  and  the  above  prediction  techniques. 

For  a  reference  speed  of  Mach  =  0.8,  the  plots  of  lift  and  drag  coefficients  over  a  +-  90 

degree  range  of  angle  of  attack  are  shown  in  Figure  9  (for  other  velocities  see  the 

appendix).  The  rather  unconvendonal  maneuver  is  illustrated  in  Figure  10,  showing 

different  possible  values  for  attitude  and  air  flow  direction.  Since  the  angle  of  attack  can 

reach  values  greater  than  90  degrees,  its  equivalence  to  the  computed  interval  is  given  in 
Figure  11. 


Table  4.  Aerodynamic  Stability  Derivatives 


Coeff. 

CNa 

CN8e 

CMa 

CM5e 

CNa 

CN8e 

CMa 

CM5e 

CNa 

CN5e 

CMa 

CMSe 


ALPHA  TRIM  =  10  deg.  (DATCOM) 

M#=0.3 

M#=0.6 

M#=0.8 

16.094 

13.212 

10.875 

12.307 

12.485 

12.124 

-48.106 

-46.822  - 

44.777 

-123.266 

-124.985 

-121.278 

ALPHA  TRIM  =  40  deg.  (DATCOM) 

0.578 

44.112 

52.443 

5.690 

6.452 

6.967 

-68.927 

-103.362 

-104.679 

-56.992 

-64.572 

-69.683 

ALPHA  TRIM  =  80  deg.  (HIGH  ALPHA) 

iu./y6 

11.156 

11.529 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

M#=2.0 

10.015 

6.520 

-10.279 

-67.076 

31.581 

4.864 

-58.786 

-50.008 


0.0 

0.0 

0.0 

0.0 
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ADJUSTED  ANGLE  OF  ATTACK  [DEG] 


3.3.  Low  Angle  of  Attack  Model 


In  *e  introduction,  the  test  maneuver  and  the  autopilot  design  were  confmed  to 
the  longitudinal  plane.  Due  to  the  wide  range  of  dynamic  pressure  experienced  by  the 
vehicle,  the  modelling  was  divided  inm  two  parts.  A  simplified  rigid  body  lineanzed 
motion  a,  angles  of  attack  below  stall,  and  a  combined  pitch  rotation  and  point  mass 

translation  above  stall. 

In  the  low  angle  of  attack  region,  the  speed  was  assumed  constant  and  a  typical 
short  period  approximation  was  used  [1],  [26],  In  equation  form  we  have 


\=QEMLCmaa+^f^C^+^cfBCS.uT 

Iy  y  y 

which  becomes,  in  dimensional  form 


a  =  Zaa  +  q  +  Z§5  +  ZjUj  (34>) 

q  =  Maa  +  Mg8  +  Mjuj 

TRCS  is  the  thrust  provided  by  reaction  jet  and  LRCS  is  the  jets  moment  arm.  The 
actuators  are  modelled  by  linear  first  order  systems  with  time  constants  td  and  for  the 
elevator  and  RCS  respectively.  In  equation  form 


x55  =  8  +  5c 


t  Uuj  =  «r  +  uTc 


^  u  1  * 

Since  standard  measurements  and  commands  in  missile  autopilots  include 
accelerometers  and  rate  gyros,  Eqs.  (34’)  and  (35)  can  be  rewritten  in  state  space  form 
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by  introducing  the  normal  load  factor  Nz  as  a  state  variable  replacing  the  angle  of  attack. 
From  kinematics  we  have 


By  defining  xT  =[nz  q  6  uT]  and  uT  =[5C  uTc]  we  obtain 


(36) 


Nz 

Q 

5 

lij- 


■'a 


A 


vTza 

0 

0 


VTZa  VTZ5 


8 


0 

0 


Mr  _MgZT 


8H 

'8 

^8 


VjZjJ 

8^u 


■“CL 


0 


'NZ 

q 

5 


VtZt. 

8^8  8^u 


0 

_1_ 

*8 

0 


0 

0 


'5C 

uTc. 


(37) 


or,  in  standard  form 
x  =  Ax +  Bu 

with  the  output  vector  being  equal  to  the  state  vector. 

The  time  rate  of  change  of  the  flight  path  angle  is  computed  from  the  normal 
acceleration,  provided  the  angle  of  attack  is  small,  as 


a7 

V  — _ z 


Y  =  - 


(38) 


and  the  inertial  velocity  components  are 


X  =  Vj-cosy 


Z  =  Vj  sin  y 


(39) 
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3.4.  High  Angle  of  Attack  Model 


The  model  for  the  post  stall  region  must  account  for  the  dynamic  pressure 
variation,  which  is  characterized  by  large  excursions  in  angle  of  attack,  attitude,  flight 
path  angle,  and  velocity.  In  this  region,  aerodynamic  control  becomes  negligible  and  the 
only  effective  actuators  are  the  reaction  jets.  Such  control  must  rotate  the  vehicle 
counteracting  the  pitching  moment  produced  by  die  normal  force,  which  tends  to  oppose 
the  motion.  Considering  a  pure  rotational  attitude  motion,  we  have 

„  (40> 

Iyq  =  QSCNLcp  +  LRCStRCSuT 

whete  Lcp  is  the  distance  between  center  of  pressure  (as  computed  from  the  assumed 
cylindrical  configuration  of  section  3.2.)  and  the  center  of  mass.  The  value  of  Lcp  will  be 
a  design  parameter  for  future  studies,  when  a  more  detailed  aerodynamic  model  will  he 

available. 

The  velocity  variation  is  taken  into  account  by  adding  a  two-dimensional  point 
mass  model,  which  in  the  inertial  reference  is  given  by 

mX  =  -L  sin  y  -  cos  Y  + 1£  cos  0  -  TRCS  sin  0 
-  mZ  =  -Lcosy  +  Dsmy -TeswQ- TRcs cos 0  +  mg. 

Y  =  0-a 

k 

The  flight  path  angle  is  also  related  to  the  inertial  velocity  components  from 

-1  (z\ 

Y  =  -tan 

differentiating  Eq.  (42)  with  respect  to  time  yields 

•  ••  **_* 

zx-zx 

x2+z2 

therefore  the  normal  acceleration  is 


(41) 


(42) 
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az  =  Xsin  0  +  Zcos0  .... 

(43) 

In  Eq.  (41),  one  of  the  force  components  is  the  main  engine  thrust  TE.  In  this 
phase,  the  main  engine  is  fired  to  recover  the  speed  loss  experienced  by  the  vehicle 
during  the  rotation.  The  main  engine  thrust  is  set  to  be  a  function  of  the  attitude  angle  in 
an  open  loop  fashion,  and  it  is  operational  within  preset  values  of  the  overall  speed. 

3.5.  Acquisition  of  Steady  State 


At  the  end  of  the  maneuver,  the  vehicle  enters  the  low  angle  of  attack  regime 
with  full  dynamic  pressure  recovery.  The  reaching  of  the  desired  steady  state  requires 
specific  values  for  the  attitude,  flight  path  angle,  and  consequently  the  angle  of  attack 
itself.  The  point  mass  equations  are  still  valid  and  the  rotational  motion  equation  must 
now  include  the  flight  path  angle.  Hus  model  for  the  final  phase  of  the  ttajectoty  is 

used,  instead  of  simple  short  period,  to  account  for  flight  path  and  velocity  variations 
still  present  in  this  phase.  Keeping  Eq.  (41),  we  now  use 
q  =  Maa  + MjUj 

in  place  of  Eq.  (40).  Replacing  a  with  G^yin  Eq.  (44)  yields 
q  =  MaQ  -  May  +  Mg5  +  MjUj 

where  the  flight  path  angle  can  now  considered  as  an  additional  input  or  state  depending 
on  the  approach  used  for  the  autopilot  design. 

Smce  dunng  this  phase  of  the  maneuver  the  vehicle  is  flying  at  an  attitude  and 
flight  path  angles  close  to  180  degrees,  the  small  perturbation  Eq.  (45)  leads  to  a 
mathematical  singularity  in  that  the  controller  does  not  distinguish  between  180  and  zero 
degrees.  To  eliminate  the  problem,  a  simple  180-degree  roll  maneuver  would  be 
sufficient,  however  because  our  work  was  limited  to  the  longitudinal  plane,  an  alternate 
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approach  was  taken  consisting  of  the  introduction  of  the  desired  steady  state  (hint) 
values  in  Eq.  (45). 

Defining  the  desired  set  of  trim  point  values  as  [0O  Yo  50  “T oJ<  1  e 

perturbation  variables  can  be  written  as  0  =  0-8o,  Y  =  r-To»  8-A"50’  ™ d 
uT=UT-  uTq  ,  (note  that  zero  steady  state  pitch  rate  is  assumed).  Therefore  Eq.  (45) 

becomes 

Q  TO  1  0  0-0o  0  0  rA-50  1  (46) 

X  =  q  =  Ma  0  -Ma  q  +  Af8  MT 

fj  L-Za  0  Z«  JLr-YoJ  L-Z5  ZT  J 


where  X  =  [0,  q,  DT  X  -  x  . 

If  the  flight  path  angle  is  considered  as  input  rather  than  state,  we  have 


In  summary,  Eqs.  (41)  and  (46)  or  Eqs.  (41)  and  (46')  represent  the  missile 


model  in  the  final  phase  of  steady  state  acquisition. 

4.  Autopilot  Design 

This  section  describes  the  design  of  the  pitch  channel  autopilot  using  variable 
structure  control.  The  control  logic  is  broken  down  according  to  the  phase  of  flight, 
resulting  in  a  structure  that  includes  the  low  alpha  component,  the  post  stall  rotation,  and 

the  final  steady  state  acquisition. 
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4.1.  Objectives 


The  main  objective  of  the  present  work  was  the  synthesis  of  a  pitch  autopilot  that 
uses  a  combination  of  aerodynamic  and  reaction  jet  control  to  achieve  a  180-degree 
longitudinal  heading  maneuver  in  the  vertical  plane.  As  described  in  the  previous 
sections,  the  chosen  maneuver  consists  of  a  full  turn  reversal,  which  requires  for  being 
successful,  high  angles  of  attack,  loss  of  dynamic  pressure,  and  the  acquisition  of  a  final 
state  characterized  by  a  straight  level  flight  with  speed  equal  to  the  initial  velocity.  Our 
concentration  has  been  on  the  pitch  autopilot,  assuming  no  interaction  among  the  three 
channels.  Additional  effort  is  suggested  and  has  been  proposed  [25],  to  study  the  full 
spatial  implications  of  post  stall  maneuvering. 

The  flight  condition  chosen  for  the  point  design  corresponds  to  Mach  0.8  and 
altitude  of  10,000  feet.  The  design  goal  was  a  controller  structure,  insensitive  to  the 
uncertainty  of  the  values  of  the  aerodynamic  coefficients  and  different  values  of  reaction 
jets  thrust,  because  this  will  limit  gain  scheduling. 

The  autopilot  design  was  found  by  using  the  VSC  technique  described  in  section 
2.  The  control  structure  was  changed  as  function  of  the  angle  of  attack.  The  result  was 
a  three-phase  design.  The  first  phase,  (Phase  I)  begins  after  the  initial  command  and 
ends  when  stall  is  reached.  The  second  phase,  (Phase  II)  is  flown  at  angles  of  attack 
above  stall.  This  phase  encompasses  the  main  part  of  the  trajectory  and  involves  a  model 
following  of  the  attitude,  as  well  as  the  open  loop  boost  section  for  the  rotation  of  the 
velocity  vector  and  its  magnitude  recovery.  The  final  phase,  (Phase  HI)  is  again  below 
stall  and  it  is  implemented  as  tracking  of  attitude  and  flight  path  set  points. 

In  addition  to  having  a  different  control  logic,  the  three  phases  differ  in  their 
implementation.  While  the  first  and  third  use  both  reaction  jet  and  elevator;  the  second 
phase  control  relies  on  the  use  of  reaction  jet  and  main  engine  thrust 
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4.2.  Phase  I  Autopilot 


The  vehicle's  aerodynamic  coefficients,  as  obtained  from  DATCOM,  for  a  tnm 
angle  of. attack  of  10  degrees,  at  various  speed  are  shown  in  Table  5. 

Table  5.  Aerodynamic  Coefficients  from  DATCOM 


Mach 

0.3 

0.6 

0.8 

1.0 

f-Na 

16.1 

13.2 

10.9 

10.2 

Cjsjg 

12.3 

12.5 

12.1 

12.6 

f-ma 

48.1 

46.8 

44.8 

48.8 

C-m8 

-123.3 

-125.0 

-121.3 

-125.6 

1.8  2.0 

15.7  16.6 


48.8  -41.8  -22.0  -15.1  -10.3 

3  -125.6  -118.2  -96.26  -78.10  -67.10 


Using  the  values 


corresponding  to  Mach  0.8,  the  system's  matrices  in  Eq.  (37) 


become 


1647  -  4.4082  884.6  1109.1 

7.5829  0  -  53.27  47.87 

0  o  -  180  0 

rt  n  0  -  500 


-  884.6  -  1109.1" 

0  0 

180  0 

0  500 


indicating  a  very  lighdy  damped  short  period  with  natural  frequency  o>  =  5.78  rad/sec 
and  damping  factor  t  =  0.01424.  The  autopilot  objective  in  this  phase  is  the  tracking  of 
a  g-command  to  achieve  a  rapid  pitching  motion.  In  this  respect,  the  autopilot  does  not 
differ  from  other  traditional  missile  autopilots  [3],  (26).  The  main  reason  for  choosing  a 
g-command  structure  strategy  was  to  preserve  the  control  logic  available  from  standard 
designs  and  used  in  parts  of  the  flight  envelope  not  requiring  post  stall  maneuvering,  nor 

reaction  jet. 
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In  order  to  achieve  perfect  tracking  of  the  load  factor,  an  integrator  was  added  to 
the  state  vector,  which  then  becomes  x^ug=[jNzdt  Nz  q  5  uT]  leading  to  a 

VSC-PI  control  structure.  The  augmented  system  dynamics  are 

xaug  —  Aaugxaug  +  B augu •  ^47^ 

From  (15),  the  controller  structure  is 


u  =  ~Lxaug-  P 


Nx 


aug 


\MxaUg  lj  +  5 


(48) 


The  values  of  the  gain  matrices  can  be  found  in  the  Appendix  A1  and  were 
obtained  using  the  following  values  for  the  design  parameters,  with  5  =  0.01 


Q  =  diag[A5  .1  .1  .1  40] 
<  A*3  =diag[-  10  -10] 

p=h=1 0  l 

L°  P«r=10 


(49) 


TTie  selection  of  weightings  in  Eq.  (49)  was  based  on  obtaining  a  fast  load  factor 
response  and  at  the  same  time  on  keeping  the  control  efforts  within  their  limitations. 
The  matrix  G  which  defines  the  sliding  surface  s  =  Gxaug  is  also  found  in  the  Appendix 
Al.  Figure  12  shows  the  block  diagram  implementation  of  the  autopilot 
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Figure  12.  Phase  I  Autopilot 

The  performance  of  the  autopilot  to  a  step  command  in  load  factor  are  shown  in 
Figure  13,  Ref.  [1]  has  a  comparison  with  a  standard  autopilot.  The  control  effort,  angle 
of  attack  and  attitude  responses  are  plotted  in  Figure  14.  Considering  a  -5g  command  as 
die  representative  one,  the  vehicle  reaches  stall  in  less  than  0.4  seconds.  At  this  point, 
the  autopilot's  logic  switches  to  Phase  II. 


Figure  13.  G-Coromand  Response 
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Figure  14.  Performance  during  Phase  I 

In  the  simulation  section,  the  reaction  jet  actuation  has  a  on-off  structure  with 
values  -1,  0,  and  1  corresponding  to  the  system  being  on  the  sliding  surface  (uT  =  0)  or 
off  of  it.  When  s  =  Gxaug  <  0,  then  uT  =  -1,  otherwise  uT  =  +1.  The  stability  of  the 
system  is  ensured  by  the  fact  that  the  reaction  jet  equivalent  control  uTeq  remains 
bounded  between  +1  and  -1  [27]. 


4,3.  Phase  II  Autopilot 


This  phase  is  characterized  by  a  pure  rotation  in  pitch  generated  by  RCS  alone. 
In  this  phase,  the  vehicle  is  operating  at  angles  of  attack  above  stall  and  the  aerodynamic 
forces  and  moments  are  not  considered  useful  in  controlling  the  missile.  The  autopilot  is 
designed  to  operate  as  a  model  following  VSS  controller  in  feedback,  with  an  outer  loop 
consisting  of  the  main  engine  firing  according  to  the  values  of  attitude  and  speed. 
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The  main  objective  of  the  autopilot  in  this  phase  is  the  rotation  of  the  vehicle  and 
compensation  of  dynamic  pressure,  which  drops  considerably  due  to  speed  reduction 
associated  with  drag  increase  at  high  angles  of  attack.  To  recover  dynamic  pressure,  the 
main  engine  is  fired  in  an  open  loop  fashion  at  a  predetermined  attitude  chosen, 
nominally,  0  =  120  degrees.  The  engine  remains  in  a  boos,  phase  mode  until  the  final 
desired  speed  (here  assumed  equal  to  the  initial  one)  is  achieved  as  well  as  the 
appropriate  direction  of  flight.  The  equations  of  motion  used  for  the  controller  synthesis 
are  Eqs.  (40)  and  (41).  VSC  is  applied  to  Eq.  (40),  that  can  be  written  in  state  space 

form  as 


Here  N  is  the  normal  force  acting  on  tire  vehicle  and  i  is  the  moment  arm  (the 
contribution  of  the  axial  force  was  considered  negligible  at  post  stall  angles  of  attack). 
Globally,  the  torque  due  to  normal  force  produces  a  resisting  effect  that  can  be  treated  as 
a  disturbance  D.  To  perform  a  point  design  of  tire  autopilot,  a  worst  case  approach  was 
used  and  D  was  bounded  by  tire  value  corresponding  to  a  cylinder  set  perpendicular  to 


the  flow,  where  the  drag  assumes  its  maximum  value. 


With  this,  the  B  and  D  terms  in 


Eq.  (50)  become 
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Next,  VSC  was  applied  using  a  model  following  approach  [9],  [12],  by 
specifying  a  desired  model  for  the  pitch  rotational  dynamics.  The  model  was  chosen 
based  on  the  +1,  -1  limitations  of  the  reaction  jet,  and  it  is  given  by 


AmXm  Bnt^m  ~ 


-  178  -  24  'Xm  + 


0 

178 


u, 


m 


from  (50)  and  (51),  the  error  dynamics  e  =  xm  -  x  are  given  by 
^  =  Ame  +  \Am  -  A]x  +  Bmum  -D- Buj 

a  general  form  for  the  control  law,  for  perfect  model  following,  can  be 
uT  =  uNL  +  Kxx  +  K2um  +K3=  uNL  +  uL 

with 


written  as 


(51) 


(52) 


(53) 


Kl=B*[Am-A\ 
•  K2  =  B*Bm 
K3  =  B*D 


(54) 


and  _  (BtB)-1Bt  is  the  appropriate  pseudoinverse  of  B. 

In  the  present  case,  the  implementation  of  the  control  law  Eq.  (53)  is  limited  to 
the  nonlinear  component,  which  is  given  by 


NL 

Uj  =u  =sgn(s ) 
s  =  Ge  =  [7  lje. 


(55) 


n.e  linear  component  of  the  control  law  is  nothing  but  the  controller 

structure  during  sliding.  The  choice  of  G  was  made  to  ensure  a  desirable  response 
during  sliding. 

Phase  n  starts  with  initial  conditions  corresponding  to  the  state  variables  final 
conditions  from  Phase  I.  This  phase  lasts  about  0.5  seconds  and  shows  excellent 
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performance.  The  results  in  terms  of  model  following  and  control  effort  are  presented  in 
Figures  15  and  16,  and  the  structure  of  the  autopilot  is  shown  in  Figure  17. 

The  attitude  angle  goes  from  40  degrees  to  180  degrees.  At  120  degrees,  the 
main  engine  is  turned  on  and  its  effect  is  evident  from  the  speed  and  flight  path  angle 
time  histories  included  in  the  simulation  section.  The  engine  is  shut  down  when  the 
speed  equivalent  to  Mach  0.8  is  recovered,  although  other  choices  can  be  made  to 
decrease/increase  the  boos,  phase.  A,  the  end  of  Phase  II,  the  angle  of  attach  is  below 
stall  and  Phase  III  autopilot  becomes  active.  The  above  procedure  will  be  shown  in  the 

simulation  section. 


sec 


Figure  15.  Performance  during  Phase  II 
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4.4.  Phase  HI  Autopilot 


This  phase  involves  the  task  of  acquiring  and  maintaining  a  set  of  steady  state 
values  for  the  attitude  and  flight  path  of  the  missile.  In  our  work  we  established  the 
objective  of  reaching  180  of  flight  path  and  attitude  angles,  although  different  values  can 

be  set  if  desired. 

The  pertinent  model  for  the  system  is  given  by  Eqs.  (41)  and  (46).  Since  the 
flight  path  angle  is  required  to  reach  180  degrees,  the  rotational  equation  now  contains  y 
as  an  additional  state  variable.  Using  the  numerical  values  from  Table  5,  and  defining  the 
trim  conditions  =  [0O,  q0>  1olT  «>  “0  - 1*0.  “TolT.  B*  W  "°w  b“om“ 

x  /  \  (56) 

X  =  x  =  A{X-x0)  +  B(U-u0) 
where 

0  0 

-  90.5355  31.049 
0.1836  0.0829 


‘0 

1 

0 

A- 

-  33.4266 

0 

33.4266 

B  = 

0.1647 

0 

-  0.1647_ 

using  the  VSC  model  following  approach,  we  define  the  model  dynamics  as 


Xm=xm  =  Am{Xm-xmo)  +  Bm{Um  um0) 
where 


'0 

1 

0 

'0 

0 

6c 

1 - 

O 

O 

oo 

II 

= 

-  16 

-  8 

0 

Bm  ~ 

16 

0 

and  Um 

~um0  ~ 

Yc 

=  180  _ 

_0 

0 

-  0.5_ 

_0 

0.5_ 

The  model  following  controller  again  operates  on  the  error  state,  difference 
between  X  and  Xm  and  whose  dynamics  are  given  by 
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(58) 


e  =  Ame  +  [Am  -  A]x  +  Bmum  +  Axq  -Bu 
the  control  law  has  the  form 
u  =u  +AT1(X-a:o)  +  Ar2A:o  +K?)Um  =uNL  +uL 
with 

Kl=B*[Am-A] 

■  k2=b*a 

K3  =  B*Bm 


(59) 


(60) 
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In  the  implementation,  the  elevator  deflection  operates  following  Eq.  (63),  while 
the  reaction  jet  operates  in  an  on-off  fashion  according  to  the  sign  of  the  sliding  snrface 

erros  s-Ge  [27]. 

A  control  strategy  for  the  Phase  III  autopilot  based  on  model  following  of  the 
attitude  only  was  also  derived.  In  this  case,  the  appropriate  equations  of  motion  for  the 
vehicle  become  (41)  and  (46').  TTte  flight  path  angle  is  then  considered  as  a  disturbance 
to  the  system,  leading  to  the  Mowing  rotational  equations  for  the  vehicle  and  the  model 


eiro  IT 

q\  [-  33.4266  0j[<7 


iT0-0oi  ro  0  T5 1+[°  y 

nL  +  -  90.536  31.049J  urJ  33. 4266 J 


el  [0  1  T0ml , f°  1 

qm\  L-36.4  L36-4J 

The  procedure  is  similar  to  the  previous  one  leading  to  a  controller  of  the  form 


b  =  Kx(X-X0)  +  Ky(r-1t>)  +  Kim(Vm  “mo) 

1  (s>0) 

(66) 

uj  —*  0  (5  =  0) 

-  1  (s  <  0) 

with  ,  =  Ge  =  7(0m  -  0)  +  (h '  A  where  the  gains  in  Eq.  (66)  are  reported  in  Appends 
Al.  Note  that,  with  this  second  approach,  the  elevator  is  responsible  for  providing 
model  following,  while  the  reaction  jet  control  gives  mbustness  to  parameter  variations 
and  disturbances.  ITte  block  diagrams  of  Phase  HI  autopilots  are  shown  in  Figures  18 

and  19. 
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Figure  18.  Phase  in  Autopilot  Block  Diagram  (method  1) 
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Figure  19.  Phase  in  Autopilot  Block  Diagram  (method  2) 
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5.  Simulation 

This  section  presents  the  simulation  results  relative  to  the  entire  maneuver  for  the 
nominal  case  as  well  as  sensitivity  analysis  in  terms  of  some  of  the  vehicle’s  parameters 
such  as  reaction  jet's  thrust,  initial  speed,  and  attitude  angle  at  main  engine  firing  time. 

5.1.  Description 

The  autopilot  logic  described  in  section  4,  and  whose  diagram  is  summarized  in 
Figure  20,  was  tested  with  a  nonlinear  simulation  code  developed  in  the  Matiab®- 
Simulink™  environment,  and  enclosed  in  this  report  as  deliverables.  The  main 

objectives  of  the  simulation  were. 

1.  To  validate  the  autopilot  performance  in  the  chosen  scenario. 

2.  To  test  the  robustness  of  the  methodology  by  using  fixed  controller  gains 
instead  of  gains  scheduled  with  angle  of  attack  and  Mach  number  variation. 

3.  To  test  the  robustness  of  the  methodology  with  respect  to  parameter  variations 
such  as  reference  speed,  initial  time  of  main  engine  firing,  and  reaction  jet 

reference  thrust. 

It  is  important  to  note  that,  during  the  simulation,  the  aerodynamic  forces  and 
moments  are  not  constant,  but  vary  accenting  to  Figure  9,  as  functions  of  the  angle  of 

attack. 

One  of  the  problems  encountered  in  the  development  of  the  simulation  was  the 
choice  of  integration  routine,  since  the  results  were  found  to  be  quite  sensitive  to  the 
integration  technique  and  step  size  selection.  Tire  most  satisfactory  results  were 
obtained  using  a  third  order  Runge-Kutta  method  with  minimum  step  size  AT  =  0.001. 
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Figure  20.  Complete  Autopilot  Schematic 


Some  of  the  time  histories  show  slight  oscillations  due  to  the  choice  of  step  size.  Such 
osculations  can  be  eliminated  by  reducing  AT  at  the  expense  of  disk  space. 


5.2.  Results 


^,2,1  ■  Nominal  Case 

Nominal  values  for  the  geometric  and  aerodynamic  characteristics  of  the  system 

are  found  in  Tables  1  and  3.  The  autopilot  gains  are  given  in  Appendix  Al. 

The  maneuver  begins  with  a  negative  5g  N^command.  The  missile  pitches  up 
reaching  stall  withing  0.278  seconds  from  the  beginning  of  the  maneuver.  The  motion 
is  essentially  in  pitch  with  no  appreciable  change  in  flight  path  angle  as  seen  from 
Figure  21  where  pitch,  flight  path,  and  angle  of  attack  are  plotted.  The  load  factor  at 
stall  has  basically  reached  the  commanded  value  of  five  rimes  the  gravity  acceleration 
as  shown  in  Figure  22,  where  the  top  curve  corresponds  to  an  integration  using  a  step 
size  of  0.001  seconds  and  the  bottom  curve  to  a  step  size  of  0.00005  seconds.  The 
control  activity  are  shown  in  Figures  23  and  24. 


Figure  21.  Angular  Behavior  below  Stall 
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Figure  22.  Load  Factor  Response  below  Stall 


Figure  23.  Control  Activity  during  Phase  I 
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Figure  24.  Reaction  Jet  Activity  (On-Off)  and  Sliding  Surface  during  Phase  I 

The  elevator  shows  a  positive  deflection  which  would  mean  that  the  missile 
would  be  pitching  downwards.  But  the  thrust  generals  a  positive  pitching  moment  which 
offsets  the  negative  pitching  tendency.  Figure  24  shows  the  commanded  uT  response 
with  no  deadband.  The  sliding  surface  is  never  reached  in  this  particular  phase  because 

of  stall  being  achieved  prior  to  reaching  it 

Once  die  stalled  phase  is  reached  (pre-selecteded  to  be  40  degrees  of  angle  of 

attack),  the  system  model  changes  to  the  high  angle  of  attack,  so  does  the  autopilot 
structure  which  becomes  a  second  order  model  Mowing  VSS.  Figure  25  shows  actual 
and  model  attitude  and  pitch  rate  denoBd  by  lines  2  and  1  respectively.  H*  "tissue's 
responses  in  attitude,  angle  of  attack  and  flight  path  angle  are  given  in  Figure  26.  In  this 
phase,  the  main  engine  is  activated  when  tile  attitude  angle  reaches  a  value  of  120 
degrees,  jus.  prior  to  0.5  seconds  after  die  beginning  of  the  maneuver.  The  effect  of  die 

engine  is  clearly  shown  in  Figure  26. 
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180 


Figure  25.  Attitude  and  Pitch  Rate  during  Phase  n 


Figure  26.  Missile  Angular  Behavior  during  Phase  II 
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Figure  27  shows  the  reaction  jet  activity  during  this  phase.  The  reaction  jets 
thrust  is  an  On/Off  system  with  deadband  and  has  a  first  order  dynamics.  Line  2  is  the 
reaction,  jet  working  with  no  deadband,  while  line  3  shows  the  behavior  with  no 
deadband  nor  actuator  lag.  Each  one  is  equally  effective  in  controlling  the  motion. 

n,e  bottom  plot  shows  the  reaching  of  the  sliding  surface  and  the  rapid  switching 
corresponds  to  the  state  trajectory  reaching  and  remaining  on  the  surface.  The  elevator 
deflection  during  this  phase  is  commanded  to  go  to  zero  therefore  is  not  shown. 


Figure  27.  Control  Activity  and  Sliding  during  Phase  II 


The  Phase  II  trajectory  is  shown  in  figure  28.  The  solid  line  shows  the  najectoty 
followed  by  the  center  of  mass.  The  missile’s  icon  shows  the  attitude  at  various  pomts. 
The  velocity  vector  is  shown  by  the  vector  lines,  with  the  length  of  the  vector  being 

indicative  of  its  magnitude. 
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Figure  28.  Trajectory  during  Phase  H 


The  final  phase  is  the  acquistion  of  steady  state  conditions.  The  key  variables  are 
Che  pitch  angle  and  the  flight-path  angle,  which  are  requited  to  reach  a  value  of  180 
degrees.  This  phase,  like  the  previous  one,  uses  a  model  Mowing  strategy  to  control 

the  pitch  attitude  and  the  flight  path,  and  two  different  models  were  used  to  achieve  the 
final  state,  as  described  in  section  4  of  the  report. 

The  first  model  contains  the  desired  response  for  the  states  [0,  q,  y].  The  reason 
for  having  explicit  6  and  y  was  that  we  could  drive  these  states  to  any  desired  final  value. 
The  second  approach  designs  a  model  Mowing  controller  based  on  the  desired  behavior 
of  attitude  and  pitch  rate  only.  The  main  purpose  for  choosing  the  two  models  is  for 

comparison  purposes,  since  this  work  is  mainly  a  feasibility  study.  Phase  m  results  are 
presented  here  for  both  the  approaches. 
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With  the  first  approach,  the  responses  obtained  are  shown  in  Figure  29.  TTte 
model  response  is  indicated  by  the  dotted  line  2.  The  missile  attitude  and  the  flight  path 
angle  converge  to  the  modelled  responses.  The  pitch  rate  response  on  the  other  hand 
shows  a  high  frequency  oscillation  of  relatively  small  magnitude  induced  by  the  VSS 
operation.  The  average  value  of  the  pitch  rate  is  the  same  as  the  modeled  pitch  rate. 


Figure  29.  Angular  Diplacement  during  Phase  III 


The  elevator  and  reaction  jet  control  activities  are  shown  in  Figure  30  and  Figure 
31  shows  the  corresponding  sliding  surfaces.  The  elevator  response  is  a  smooth  function 
with  no  discontinuity,  since  the  sliding  surface  1  is  not  reached.  On  the  other  hand,  the 
reaction  jet  thrusters  show  a  high  amount  of  chattering  due  to  the  system  being  in  a 

sliding  condition  along  surface  2. 

The  second  approach  uses  two-degree  of  freedom  model.  The  flight  path  angle 
appears  as  a  disturbance  in  the  equations  describing  the  missile's  attitude  dynamics. 
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Figure  30.  Control  Activity  during  Phase  IH 
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Figure  31.  Sliding  Surfaces  during  Phase  IE 
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The  response  for  the  model  (line  2)  and  for  the  system's  states  are  shown  in 
Figure  32.  The  pitch  ram  responses  for  the  model  and  the  missile  are  shown  separately 
in  the  second  and  third  charts,  with  the  vehicle's  chattering  characteristics,  as  before, 
hnked  to  the  VSS  control  structure.  Figure  33  replicates  the  pitch  rate  behavior  and  the 
sliding  surface  over  a  shorter  period  of  time,  for  clarity's  sake. 
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Figure  32.  Motion 
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Behavior  during  Phase  ffl  (Model  Following  of  Attitude  only) 


Figure  34  shows  the  elevator  and  reaction  jet  control  activities.  The  system  that 
is  being  controlled  is  now  a  second  order  one,  and  two  controls  are  available  for  this 
purpose.  The  control  activity  was  broken  down  into  two  components,  with  perfect- 
model  following  being  performed  by  the  elevator,  while  the  reaction  jet's  task  was  to 
rake  care  of  any  modelling  uncertainties  and  the  disturbance  introduced  by  the  flight 
path  angle.  Latter  results  will  show  that  this  approach  yields  smaller  turn  radtus  and 

faster  achievement  of  the  steady  state  values. 
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RCS  DEFLECTION  ELEVATOR  DEFLECTION 


The  reaction  jefs  thrust  does  no.  reach  the  nominal  value  (corresponding  to  +/-  1 
in  Figure  34)  because  of  the  presence  of  actuator  dynamics  and  deadband,  which  make 

the  actuation  not  instantaneous  as  required  by  the  VSS  command. 

Figures  35  and  36  compare  the  two  model  Mowing  approaches.  Approach  2 
produces  a  smaUer  turn  radius  as  seen  in  Figure  35.  Ita  night  path  angle,  however,  is 

nearly  zero  for  both  cases. 


Figure  35.  Trajectory  Comparison  for  Phase  m 


Combining  the  three  phases,  yields  the  complete  maneuver.  Figure  37  shows  the 
angles  a,  6,  and  y  only  over  the  time  period  of  one  second,  since  the  key  characteristics 
belong  to  this  time  frame.  The  time  grids  show  start  and  end  of  Phases  I,  II  and  III.  The 
discontinuity  in  rate,  during  tiansition,  is  explained  by  the  absence  of  any  smoothing 
factor  during  the  switching  from  one  type  of  autopilot  structure  to  another. 
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Figure  36.  Angles  Comparison  for  Phase  m 


Figure  37.  Angular  Behavior  during  the  Entire  Maneuver 
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Daring  Phase  n  the  main  engine  is  fired  at  a  predefined  attitude.  The  engine 
remain  active  until  the  speed  teaches  the  final  desired  value.  The  range  of  activity  can  be 
seen  in  Figure  37  between  0.278  and  0.751  seconds  with  the  discontinuities  in  a  and  y. 

Figure  38  illustrates  the  complete  maneuver.  The  velocity  vector  is  scaled  with 
respect  to  the  maximum  speed.  To  achieve  the  correct  perspective,  the  x  and  the  y  axes 

are  drawn  to  the  same  size. 


Figure  38.  Vehicle's  Trajectory  during  the  Entire  Maneuver 


522  Sgnsiiivitt  Analysis 

A  sensitivity  and  robustness  analysis  was  carried  out  to  show  the  effectiveness  of 
the  designed  control  system.  A  detailed  description  of  time  histories  is  presented  in 
Appendix  A3.  In  this  section,  some  comments  based  on  the  resulting  trajectories  are 
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presented,  noting  that  all  the  curves  were  obtained  by  keeping  the  nominal  gains  with  no 
gain  scheduling.  Also,  both  model  following  approaches  for  Phase  IE  are  included. 

A  parameter  changed  in  the  analysis  was  the  reference  speed.  Simulations 
initiating  the  maneuver  at  Mach  numbers  of  0.6  and  1.2  were  performed.  Figure  39 
shows  the  trajectory  comparison  using  approach  1,  and  Figure  40  shows  the  trajectories 
using  the  second  approach.  During  this  simulation,  the  other  parameters  were  kept 
constant  and  equal  to  their  nominal  value. 


Figure  39.  Trajectory  Comparison  at  different  Mach  Number  (Model  Following  of  0,  q, 
and  y) 
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Figure  40.  Trajectory  Comparison  at  different  Mach  Number  (Model  Following  of  6,  q) 

Figures  41  and  42  compare  trajectories  obtained  by  changing  the  attitude  for 
initial  firing  of  the  main  engine  (120,  130  140  degrees),  again  according  to  the  two 
model  following  approaches  used  for  Phase  III.  The  nominal  speed  corresponds  to 
Mach  0.8,  with  nominal  setting  for  the  reaction  jet's  thrust,  equal  to  500  pounds. 

Trajectory  comparison  for  the  nominal  case,  with  two  different  reacuon  jets 

thrust  values  (500  and  1000  pounds)  is  shown  in  Figures  43  and  44. 
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Figure  41.  Trajectory  Comparison  at  different  Main  Engine  firing  (Model  Following  of 
0,  q,  and  y) 


Figure  42.  Trajectoiy  Comparison  at  different  Main  Engine  firing  (Model  Following  of 

e.q) 
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Figure  43.  Trajectory  Comparison  at  different  RCS  Thrust  (Model  Following  of  6,  q. 


and  y) 


Figure  44.  Trajectory  Comparison  at  different  RCS  Thrust  (Model  Following  of  9,  q) 
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Finally  a  frequency  response  analysis  was  carried  out.  The  problem  being 
nonlinear  in  nature  following  approach  was  followed  to  obtain  the  systems  frequency 
response.  Phase  I  of  the  system  was  excited  by  an  impulse  input  and  system  response 
was  obtained.  From  the  equally  spaced  time  response  of  the  system  discrete  frequency 
response  was  obtained  by  using  Fast  Fourier  Transform.  This  was  then  inteipreted  into 
analog  frequency,  the  key  concern  being  the  possibility  of  exciting  the  missile’s  bending 
modes.  The  first  bending  mode  frequency  depends  on  the  diameter  and  weight 
(assuming  no  change  in  stiffness  and  material  properties).  For  a  5  inch  diameter  and  a 
225  pound  vehicle,  the  first  bending  mode  frequency  was  found  to  be  of  the  order  of  30 
hertz.  Since  the  computed  closed  loop  bandwidth  is  around  2  hertz,  with  large 

magnitude  attenuation  beyond  this  value,  we  concluded  that  flexibility  of  the  structure  is 
not  an  issue  at  this  point. 

Another  aspect  that  was  investigated,  is  the  potential  frequency  aliasing  due  to 
sampling  rates  used  for  the  digital  implementation  of  the  autopilot.  A  step  size  of  0.001 
seconds  was  used  in  the  simulations,  leading  to  a  Nyquist  sampling  frequency  of  about 
100  hertz.  Again,  this  is  well  over  the  bandwidth  of  the  system. 

5.3.  Simulation  Software 

The  computational  aspects  of  the  work,  autopilot  design  and  simulation  were 
earned  out  using  Matlab®  version  4.1.  The  simulation  code  ACTMS  (Alternate  Control 
Technology  Missile  Simulation)  was  developed  making  extensive  use  of  the  block 
diagram  capabilities  of  the  available  toolboxes  and  SIMULINK™.  The  computer  used 
for  the  work  was  a  SUN  workstation,  however  the  code  will  run  on  other  platforms, 
provided  version  compatibility  is  satisfied.  A  description  of  the  input/output  properties 
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of  the  mfiles  developed  for  the  simulation  can  be  found  in  Appendix  A2.  A  diskette  with 
the  source  code  is  included  in  the  report. 

The  input  of  physical  parameters,  state  initialization  are  entered  using  an  input 
file  (init.actms.rn),  which  defines  missile  parameters, speed,  range  of  main  engine 
operation,  angle  of  attack  range  below  sail,  load  factor  command  value,  model  desired 
values  for  attitude  and  flight  path  angles,  and  integration  characteristics. 

The  simulation  drivers  are  files  actms.m  and  SimAll.m.  They  have  two  different 
versions  accenting  to  the  implementation  of  the  model  following  relative  to  Phase  III. 

The  three  phases  are  defined  by  files  phasel.m,  phasell.m,  and  phasenLm, 
with  the  results  of  the  simulation  being  written  on  data  files  part4.mat,  partS.mat, 

part6.mat,  and  part7.mat  (relative  to  the  entire  maneuver). 

The  models  necessary  to  the  simulation,  inclusive  of  gain  computation,  are 
determined  by  the  file  actdyn.m.  System  matrices  and  gains  am  stored  into  datafiles 
wrksp.mat,  gain.mat.  Mfiles  for  plotting  the  results  are  also  available  (mplotm  and 

mplotl.m). 

The  file  aero-tn  contains  the  lift  and  drag  profiles  in  a  matrix  format,  as  functions 
of  Mach  number  and  angle  of  attack,  as  computed  by  DATCOM  and/or  derived 
analytically  for  the  region  above  stall.  Linear  interpolation  is  used  to  extract  values  ur- 
between.  Of  course  different  vehicles  require  appropriate  aerodynamic  data.  The  files 
responsible  for  adjusting  the  angle  of  attack  value  in  order  to  read  dam  beyond  90 

degrees  are  adjustalp.m  and  clause.m. 

The  flowchart  relative  to  the  code  is  shown  in  Figure  45. 
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Figure  45.  Simulation  Code  Flowchart 
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6.  Conclusions  and  Recommendations 


Conclusions 

nie  following  conclusions  were  reached  at  the  end  of  work  done  under  the 
present  grant: 

(1)  Variable  stucture  control  methods  were  applied  with  success  to  the  feasibility  design 
of  a  pitch  autopilot,  using  a  reduced  size  elevator  and  reaction  jets  as  controllers. 
Different  control  structures  were  used  during  the  chosen  test  maneuver. 

<2)  The  autopilot  did  not  require  gain  scheduling  for  a  wide  range  of  parameter 

variations. 

(3)  A  simpler  autopilot  structure  could  be  achieved  by  changing  the  control  logic  for 
Phase  I,  from  a  load  factor  command  to  one  similar  to  that  of  the  Phase  n  and  Phase  III. 

Recommendations 

The  encouraging  results  of  the  present  research  warrant  further  work  in  several 

areas,  in  order  to  achieve  a  point  design.  These  are: 

(1)  The  study  of  optimal  nonlinear  trajectories,  that  will  take  full  advantage  of 

the  added  propulsive  control  capabilities.  This  study  would  definitely  involve  the 
definition  of  missile  agility  metrics,  similar  to  those  available  for  aircraft 

(2)  The  analysis  of  guidance  laws  capable  of  implementing  acceleration  and/or 

rate  command  required  to  achieve  point  O). 

(3)  Autopilot  design  and  control  authority  selection  using  output  feedback  VSS, 
since  not  all  the  states  are  used  by  the  autopilot.  This  design  would  include  analytical 
contributions  in  variable  structure  theory,  as  well  as  classical  channel  integration  due  to 

the  three-dimensional  aspects  of  the  problem. 

(4)  Study  of  optimal  reaction  jet  characteristics,  such  as  amplitude  and  frequency 

modulated  actuators  to  be  used  for  pitch  and  yaw  commands,  as  well  as  roll  stabilization. 
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Appendices 


Al.  Gains 


This  Appendix  contains  the  gain  matrices  used  for  the  autopilot  described  in  the 

report. 


Phase  I  Autopilot 


The  gain  matrices  used  in  Eq.  (48)  are: 

L_1  =[  -5.351 7e-03  -1.1120e-02  -1.2727e-03  -9.5270e-01 

-3.6759e-02 

-4.9005e-03  -2.6377e-03 

-2.6132e-03  -2.1420e-02 

-9.8215e-01] 

M_1  =[-1.3396e+00  -1.4005e-01 

9.7002e-02  -6.8826e-01 

2.3606e-01 

5.0787e+00  2.2726e-01 

1.5613e-01  -1.3907e+00 

-5.8274e-01] 

N_1  =[  -2.6758e-03  5.666 le-05 

-3.8657e-04  3.0562e-03 

1.2569e-04 

-2.4502e-03  -2.5616e-04 

1.7742e-04  -1.2589e-03 

4.3177e-04] 

The  gain  matrix  G  defining  the  sliding  surface  as  defined  on 

page  35  is  given  by: 

G_1  =[-2.6792e+00  -2.8010e-01 

1.9400e-01  -1.3765e+00 

4.7212e-01 

1.0157e+01  4.5452e-01 

3.1226e-01  -2.7815e+00 

-1.1655e+00] 

Phase  II  Antnpilpi 


The  gain  matrices  in  Eq.  (54)  are: 

Kq_2  =  [-2.8664e+00  -3.8649e-01] 

K2_2  =  2.8664e+00 
K3_2  =  -1.6104e-01 

The  gain  matrix  G  defining  the  sliding  surface  from  Eq.  (55)  is: 
G_2  =  [7  1] 
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Phase*.  TIT  AflOTriH  Method  1) 

The  model  to  be  Mowed  has  a  third  order  dynamics.  The  gain  matrix  Kj  in  Eq. 

(61)  is: 

Ki_3  =[.-4.9665e-01  5.0213e-02  -5.7851e-01 

-4.4346e-01  -5.5621e-02  -1.3817e+00] 

The  gain  matrices  in  Eq.  (63)  are: 


L_3  =[  8.7872e-02 

3.1383e-02 

-5.8779e+00 

-9.7337e-02 

-3.4763e-02  -8.5697e+00] 

M_3  =[  3.3804e-03 

3.3804e-04 

1.6667e-01 

-1.6667e+00 

-1.6667e-01 

3.3804e-04] 

N_3  =[  1.0461e-02 

1.0461e-03  -3.9186e-01 

-1.1588e-02 

-1.1588e-03  -5.7131e-01] 

The  gain  matrix  G  defining  the  sliding  surface  is: 

G_3  =[  2.0283e-02  2.0283e-03  1.0000e+00 

-1.0000e+01  -1.0000e+00  2.0283e-03] 

Phase  ID  Autopilot  (method  2) 

The  model  to  be  Mowed  has  a  second  order  dynamics.  The  gains  in  Eq.  (66) 
are  given  by: 

Kx_3  =  [  3.2843e-02  1.3254e-01] 

Kum_3  =  -4.0205e-01 
Ky_3  =  -3.6921e-01 

The  gain  G  defining  the  sliding  surface  is  in  this  case: 

G_3  =  [7  1] 


19-78 


A2.  Software  Description 


A  short  description  of  some  of  the  more  important  mfiles  is  listed  below.  The  file 
names  and  the  function  names  are  in  italics. 


actms 


Mfile 
Function 
Input  files 

Output  files 
Functions 


actms. m 
actms 

Input/wrksp.mat 
Input!  gain. mat 
None 
SimAll.m 
actdyn.m 


Messages  ACTMS  Options: 


System  parameters  are  loaded 

Model  matrices  and  gain  matrices  for  controls 

Function  simulates  all  the  phases 

Computes  system  matrices,  model  system  matrices 
and  gains 


(0)  Exit 

(1)  Run  Simulation 

(2)  Compute  System  Models/Gains 
Selected  Option  => 

...  SIMULATION  OVER ... 

„  ...  SYSTEM/MODELS/GAINS  COMPUTED 

Error  Messages  ..  Incorrect  entry .. 


Description 

=,  ff®”  ALTERNATE  CONTROL  TECHNOLOGY  MISSILE  SIMULATION) 

ratlin  II  ?  makmg  t0  SimAU  “*>  Unctions,  actdyn  faction 

It tli  ^  ParameKr  haS  bee"  °r  neW  SCK  °f  ■»  to 


There  is  an  error  message  if  option  number  selected  is  an  incorrect  one. 
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S*  K- 


SimAll 


Mfile  SimAll.m 

Function  SimAll 

Input  Files  init_actms.m 
Output  Files  0utput/part4.mat 
0utput/part5  .mat 
Output! part6. mat 

0utputlpart7.mat 

Function  Files  ode23  .m 

phasel.m 
phasell.m 
phaselll.m 
mplot.m 
mplotl.m 


Initializing  parameters,  initial  onditions 
Saves  Phase  I  variables  t,  y,  yinert,  u,  uni,  s 
Saves  Phase  II  variables  t,  y,  yinert,  u,  uni,  s,  ym_2 
Saves  Phase  HI  variables  t,  y,  yinert,  u,  uni,  s, 
ym_3 

Saves  for  the  entire  maneuver,  variables  t,  y, 

yinert,  u,  uni,  s  . 

Matlab  function  for  solving  set  of  differential 

equations. 

Simulink  file  for  Phase  I 

Simulink  file  for  Phase  II 

Simulink  file  for  Phase  m 

Plots  variables  Nz,  q,  a,  7,  trajectory 

.  .  -  n  1  rr  C  „ 


Messages 


mpiuii.ru 

Tnnut  filename  (within  quotes) 


Plots  variables  Speed,  X,  Z,  5,  uT 


Part  1  Done 
Part  2  Done 
Part  3  done 

Ready  for  PHASE  I  simulation 
Control  C  to  press  return  or  enter  return  ... 
Running  PHASE  I ... 

Plotting  Phase  I  results 

Saving  Phase  I  results  to  part4.mat 


Part  4  done  (PHASE  I) 


Ready  for  PHASE  II  simulation 

Control  C  to  further  simulation  or  else  enter  return  ... 

Running  PHASE  II  ... 

Plotting  Phase  II  results 

Saving  Phase  II  results  to  part5.mat 


Part  5  done  (PHASE  H) 

Ready  for  PHASE  in  simulation 

Control  C  to  stop  further  simulation  or  else  enter  return  ... 


Running  PHASE  HI  ... 

Plotting  Phase  HI  results 

Saving  Phase  ID  results  to  part6.mat 

Part  6  done  (PHASE  III) 

Plotting  entire  simulation  results  to  Figures  7,  8  ... 
Saving  entire  simulation  results  to  part7.mat 
Part  7  Done. 

Error  Messages  None 
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Description 

Simulation  of  all  the  phases  is  carried  out  by  this  function.  The  three  phases  are 
fomudat^  in  terms  of  simple  blocks.  TTiese  blocks  are  then  simulated  using  one  of  the 

MATINS  routines  for  integrating  or  solving  differential  equations.  Fuction  ode23  is 
called  for  simulating  the  phases. 

the  ron^nTr15  alm0St  2  commentary  on  toe  simulation  status.  Key  message  is 

the  Control  C  ..  message.  The  message  tells  the  user  that  the  MATLAB  is  ready  for 

ShlSlKlit  “  “  thiS  POint  ,hC  USer  haS  a”  0Pd0n  10  E“<  from 

t  Capablllt>’ t0  run  Particular  phase.  This  is  helpful  if  the 
r  a"™8  par^netnc  SMdieS  °r  0pdmizinS the  sains.  The  sintulink 
nw/  S,  I  Ph““fan  .•*  s™Ply  called  by  typing  in  the  cotresponding  raffle 

PX io’wtfSatr  SlmU'ate  11,6  diagram  SekCt  °Pti0" 

maloti  rtT  rchS“kS  f°r  ei>Ch  °f  the  phases  m  plotted  US“'S  mfiles  mplot.m  and 
comulenVm  ^  ‘h  phases  aSf  s“"e  vanable  "amcs  to  store  the  simulation  data.  After 

directory  OuVut.  The ’vSabte^T  “  mat  ““  s“b- 


t 

time 

y 

[y  0  a  Az  q  8  uT] 

yinert 

[UXWZV  dy/dt] 

ym_2 

[0m  9m] 

ym_3 

[0m  qm  ym] 

uni 

[5nl  uTnl] 

ulin 

[^lin  uTlin] 

s 

ts6  suT] 

U  ‘hC  316  savcd  as  a  r0W  of  data-  The  angular  units  am 

wnrtc7  6  vector’  x-tK  Az  1  8  uT  ]  is  not  saved  but  is  in  the  MATLAB’s 
o  kspace  area.  The  state  vector  has  angular  units  in  radians. 
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actdyn 


Mfile  actdyn.m 

Function  actdyn 

Input  Files  init_actms.m 
Output  Files  Inputlwrksp.mat 
Input!  gain.mat 


Function  vss2.m 

Messages  Appropriate  messages 

Error  Messages 


Synthesis  of  gains  for  VSS 

leading  to  the  setting  up  and  synthes  of  gains 

None 


DeSCriPThere  are  four  basic  parts  to  this  routine.  First  part  is  related  to  finding  the 
system  matrices  based  on  the  £ 

in  this  hie  and  if  a  new 

model  values  are  required  to  be  set  then  one  has  to  change  the  valuesm  Urn  t e. 

The  system  matrices  are  saved  in  Inputlwrksp.  mat  are:  Asys  1  Bsys  1 Ct qnU 
Dsys  1  Asys2Bsys  2  Brcs_2  Asys_3  Bsys_3  Aelev  Belev  Celev  Delev  Aries  Erics 

Cffcs  D£:  the  ***.  » 


rhode_3  rhot_3 
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phase/,  phasell,  phaselll 

Mfik  phase!, m,  phasell, m,  phaselll. m  (SIMULINK  files) 

Input  files  None 

Output  files  None 

Functions  clause.m  Checks  the  range  condition 

adjustalp.m  Aero  data  for  a  beyond  90  degree  is  obtained  by  adjusting 
the  value  of  a. 

Messages  None 

Error  Messages  None 


Description 

These  are  block  diagrams  for  Phase  I,  Phase  n  and  Phase  III  respectively.  Once 
aU  the  variables  are  loaded  into  Matlab's  workspace  a  phase  can  be  simulated  by  clicking 
on  Simulation  option.  This  pops  up  a  pull  down  menu.  Select  Sm  option  from  this  and 
the  simulation  starts.  If  some  variable  is  not  defined  an  error  message  saying  variable 
ine  simulation  results  are  stored  into  workspace.  The  variables  are: 


t  time 

y  [y  0  a  Az  q  5  ux] 

yinert  [UXWZVdy/dt] 

J™-2  [0mqm] 

y™-3  f0m  qm  Ym] 

on!  [5nl  uTnl] 

Ujiip] 

s  ts5  sut1 


For  each  time  instant,  t,  the  variables 
in  degrees.  The  state  vector,  x=[Jaz 
workspace  area.  The  state  vector  has 


are  saved  as  a  row  of  data.  The  angular  units  are 

Az  q  8  ux  ]  is  not  saved  but  is  in  the  MATLAB's 
angular  units  in  radians. 
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A3.  Parametric  Analysis 


Simulation  results  for  various  flight  conditions  and  parameter  values  are  included 
here  for  purposes  of  reference  and  validation.  The  axes  plots  were  all  made  using  the 
same  scale  so  .ha,  the  results  may  b.  easily  compared.  Results  reladve  to  Phases  1.  II, 
and  m  are  shown  in  Hgures  A-l  through  A-26.  Phase  I  and  Phase  H  simulauous  are 
presented  in  Ftgures  A-l  through  A-8.  The  dme  histories  shown  in  Figures  A-9  through 
A-17  were  generared  using  the  3-DOF  model  for  Phase  HI  control.  Those  presented  in 
Fi glues  A-18  through  A-26  were  obtained  using  the  2-DOF  model  for  the  final  phase. 

The  parametric  analysis  values  are  described  in  Table  A-l.  Table  A-2  shows  a 
summaty  relationship  between  figure  number,  variables  presented,  and  appropriate 

maneuver  phase. 

Finally,  Figures  A-27  and  A-28  show  tiie  CL,  CD  versus  angle  of  attack  curves  at 
Mach  numbers  0.6  and  1.2  respectively. 


Table  A-l 


RUN  Inital 

Nos  Mach 


1  0.6  0.6 
2  0.6  0.6 

3*  0.8  0.8 

4  0.8  0.8 

5  0.8  0.8 

6  0.8  0.8 

7  1.2  1.2 

8  1.2  1.2 


RCS 

Thrust 

e 

Engine  ON 

500 

120 

1000 

120 

500 

120 

500 

130 

500 

140 

1000 

120 

500 

120 

1000 

120 

Final 

Mach 
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Table  A-2 


Figure  Nos. 

Output  Plotted 

Corresponding  Phase 

Figure  A-l 

Nz,  q 

Phase  I 

Figure  A-2 

0,  a,  y 

Phase  I 

Figure  A-3 

8,  uT 

Phase  I 

Figure  A-4 

-Z  vsX 

Phase  I 

Figure  A-5 

Nz,q 

Phase  II 

Figure  A-6 

0,  a,  y 

Phase  II 

Figure  A-7 

8,  uT 

Phase  n 

Figure  A-8 

-Z  vsX 

Phase  II 

Figure  A-9 

NZ)q 

Phase  in 

Figure  A- 10 

0,  a,  y 

Phase  in 

Figure  A- 11 

8,  uT 

Phase  in 

Figure  A- 12 

-Z  vs  X 

Phase  in 

Figure  A- 13 

Nz,  q 

Complete  Maneuver 

Figure  A- 14 

0,  a,  y 

Complete  Maneuver 

Figure  A- 15 

8,  uT 

Complete  Maneuver 

Figure  A- 16 

-Z  vs  X 

Complete  Maneuver 

Figure  A- 17 

Speed 

Complete  Maneuver 

[Using  2-DOF  for  the  final  phase  control, 
plots  Figures  A-l  through  A-8] 


Phase  I  and  Phase  II  are  identical  to  previous 


Figure  A- 18  Nz,q 
Figure  A- 19  0,  a,  y 
Figure  A-20  8,  ut 
Figure  A-21  -Z  vs  X 

Figure  A-22  Nz,  q 
Figure  A-23  0,  a,  y 

Figure  A-24  8,  uT 
Figure  A-25  -Z  vs  X 
Figure  A-26  Speed 


Phase  in 
Phase  HI 
Phase  in 
Phase  in 

Complete  Maneuver 
Complete  Maneuver 
Complete  Maneuver 
Complete  Maneuver 
Complete  Maneuver 
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9-88 


ALTITUDE  [ 


5 


Figure  A-4 
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HORIZONTAL 


Figure  A-12 
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MACH  0.6 


IL*1  m'~ 


6 


[•] 


6 


6 


[•] 


6 


ffl 


6 


6 


ga 
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ANGLES  [DEGREE] 


ANGLES  [DEGREE] 


Figure  A- 19 


RCS  DEFLECTION 


ELEVATOR  DEFLECTION  [DEG] 
30 1 — i - — — - — — . 


Figure  A-20 
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ALTITUDE  [FT] 


ALTITUDE  [FT] 
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MACH  1.2 


NORMAL  ACCELERATION  PER  G 


PITCH  RATE  [DEG/SEC] 


TIME  [SEC] 


Figure  A-24 


ALTITUDE  [FT] 


Figure  A-25 
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40i 

251 


SPEED  [FT/SEC] 


SPEED  [FT/SEC] 


Figure  A-26 


45 


MACH  NUMBER  0.6 


40  r 


Figure  A-27  CL-CD  curves,  Mach  0.6 


MACH  NUMBER  1.2 
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LASER  IMAGING  AND  RANGING  (LIMAR)  PROCESSING 


Jack  S.N.  Jean 
Assistant  Professor 

Department  of  Computer  Science  and  Engineering 
Wright  State  University 

Louis  A.  Tamburino 
Avionics  Directorate 
Wright  Laboratory 


Abstract 

The  LIMAR  (Laser  IMaging  and  Ranging)  project  is  a  Wright  Laboratory  effort  to  de¬ 
velop  an  advanced  imaging  and  ranging  system  for  robotics  and  compute,  vision  applications. 

R  embodies  a  concept  for  the  fastest  possible  three-dimensional  camera.  It  eliminates 
the  conventional  scanning  processes  by  producing  a  registered  pair  of  rang,  and  intensity  im¬ 
ages  with  data  collected  from  two  video  cameras.  The  initial  prototype  system  was  assembled 
and  successfully  tested  at  Wright  Laboratory’s  Avionics  Directorate  in  1992.  This  prototype 
UMAR  system  used  several  frame  grabbers  to  capture  the  demodulated  LIMAR  image  signals 
from  which  the  range  and  intensity  images  were  subsequently  computed  on  a  general  purpose 
compute,.  The  prototype  software  did  not  address  the  errors  which  are  introduced  by  differ¬ 
ential  camera  gain,  misalignment,  and  distortion.  In  last  summer,  the  principal  investigator 
developed  algorithms  to  correct  the  distortion  introduced  by  using  two  cameras  and  designed 
a  special  pnrpo*  hardware  to  convert,  in  real-time,  the  outputs  from  the  two  came,™  into  a 
fully  registered  range  and  intensity  image.  During  the  project  period,  the  de.aiied  design  of 

the  processing  system  has  been  finished  and  three  hardware  boards  have  been  implemented 
and  tested. 
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LASER  IMAGING  AND  RANGING  (LIMAR)  PROCESSING 


Jack  S.N.  Jean  and  Louis  A.  Tamburino 


1  Introduction 

The  UMAR  (Laser  IM.ging  and  Ranging)  project  ia  a  Wright  Laboratory  effort  .0  develop  an 
advanced  imaging  and  ranging  system  tor  robotics  and  computer  vision  applications.  LIMAR, 
the  invention  of  Dr,  Louis  A.  Tamburino  of  Wright  Laboratory  and  Dr.  John  Taboada  of  the 
USAF  School  of  Aerospace  Medicine,  embodies  a  concept  for  the  fastest  pebble  three-dimensrona! 
camera.  It  eliminates  the  conventional  scanning  process^  by  producing  a  registered  pair  of  range 
and  intensity  images  with  data  collected  from  two  video  cameras.  The  initial  prototype  system 
was  assembled  and  successfully  tested  at  Wright  Laboratory’s  Avionics  Directorate  in  1992.  The 
prototype  LIMAR  system  used  several  frame  grabber,  to  capture  the  demodulated  LIMAR  .mage 
signals  from  which  the  range  and  intensity  images  were  subsequently  computed  on  a  general 

purpose  computer. 

The  intent  of  this  research  effort  is  to  design  and  implement  a  customised  LIMAR  processing 
system  to  generate  both  the  range  and  intensity  images  in  real  time.  This  new  ability  is  needed  to 
facilitate  future  robotic  and  automatic  vision  applications.  The  processor  design  also  takes  into 
consideration  error  correction  for  camera  distortions  and  misalignments.  Error  correct.on  was 
not  explored  in  the  original  LIMAR  prototype  and  was  investigated  in  the  summer  of  1992.  The 
result  was  the  development  of  an  alignment  algorithm.  This  report  first  describes  the  computat.ons 
required  for  the  processing  and  an  algorithm  used  to  reduce  computations.  It  then  desebes  a 
LIMAR  processing  system  and  several  hardware  boards  implemented. 

LIMAR  Device  Overview  As  shown  in  Figure  1,  the  LIMAR  device  contains  a  laser,  a 
polarisation  modulator,  a  beam  splitter,  and  a  processing  unit.  The  laser  shines  light  on  the 
object  which  reflects  the  light  back  to  the  modulator.  The  modulator  changes  the  polar.sat.on  of 
the  returned  light.  The  polarisation  change  depends  on  when  the  light  reaches  the  modulator,  o, 
.qn.val.ntly,  depends  on  the  distance  between  the  object  and  the  LIMAR  device.  Note  that  the 
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r  igure  I:  LIMAR  system  overview 

light  c„nsidete<i  here  is  „ol  .  si„g|e  spot  bM  m  >rea  whae  lhe  po|sr.zation  each  dnsle  spot 

be  different  from  that  of  others.  The  beam  splitter  separates  the  light  into  two  bundles  of  light 
each  captured  by  a  camera,  and  the  degree  of  separation  is  a  function  of  the  polarisation  of  each 
spot.  With  the  separation,  some  computation  can  be  performed  to  extract  the  polarisation  for 
each  smgle  spot,  and  therefore,  to  calculate  the  distance  of  each  spot  on  the  object  surface  to  the 
LIMAR  device.  In  addition,  the  intensity,  or  the  reflectivity,  of  each  object  spot  can  be  obtained. 
In  an  .deal  case,  the  intensity  image  I(i,  j)  and  the  range  image  R(i,  j)  are  as  follows. 


1  (*'•»  =  A(i,  j)  +  B(f,  j) 

BftJ>  =  cf(,n„ -/gg)  +  d 


(1) 

(2) 


where  Aft;)  and  B(i  j)  are  the  two  captured  images  from  cameras,  c  and  d  are  two  constants, 

and  the  function  /(•)  is  the  inverse  of  the  characteristic  function  associated  with  the  modulator. 

In  other  words,  the  two  output  images  can  be  computed  pixel  by  pixel  from  the  two  input  images 
in  the  ideal  case.  ° 


In  the  1992  summer,  the  distortion  introduced  by  using  two  cameras  was  studied.  The 
resulting  alignment  algorithm  and  its  computational  requirements  are  summarized  in  Section 
2.  Also  included  m  the  section  is  a  recursive  polynomial  evaluation  technique  which  is  used 
to  remove  the  multiplications  so  to  simplify  implementation.  A  LIMAR  processing  system  and 
several  hardware  boards  resulting  from  the  project  are  described  in  Section  3. 
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2  Computational  Requirements 


2.1  Image  Alignment 

Because  the  two  input  image,  are  grabbed  with  two  cameras,  the,  may  not  be  aligned  well  with 
respect  to  each  other.  Furthermore,  the  two  cam.™  may  introduce  different  distortions.  So  there 
is  a  need  to  first  align  each  of  them  to  an  "ideal”  image  before  the  pixel  by  pixel  opera., on,  as 

indicated  in  equations  1  and  2  can  be  performed. 

The  alignment  process  contains  two  operations,  position  “ ferpolntion.  The 

position  mapping  transforms  a  pixel  location  («,„)  to  a  new  location  («,„)  after  alignment.  It 
was  modeled  as  a  bi-variate  polynomials  as  follows. 


,  =  «0  +  a1n  +  a2.  +  a3n’  +  «4«»  +  as»2  +  «.“3  +  “7U2n  +  »sn«S  +  o.»3  +  -  '  <3) 

y  =  i„  +  M  +  M  +  ‘s»2  +  Mo  +  M2  +  M3  +  t'r«2»+ss«t>!  +  Ms+  <4) 

Since  the  new  location  (*,*)  may  not  be  a  meaningful  pixel  location,  e.g„  a  or  y  may 
no.  be  integer,  bilinear  interpolation  is  used.  In  the  summer  of  1992,  it  was  found  that  th.rd- 
degree  polynomrals  are  good  enough  for  alignment  purpose  and  the  polynomial  coefficen.s  can 
be  computed  with  a  least  square  estimation  algorithm. 


2.2  Polynomial  Evaluation 

The  evaluation  of  two  thi.d-deg.ee  bi-.ariate  polynomial,  for  each  pixel  is  pretty  expensive  in 
terms  of  computation.  For  images  of  site  M  (rows)  by  N  (columns),  the  polynomials  x(u,v)  and 

y(u,v)  in  equations  3  and  4  are  to  be  evaluated  for  all  the  (»,»)'.  in  «u,v)  |  u  €  (0, 1,  2 . N-l) 

and  „  €  (0,  1,  2 . M-l)).  In  on,  case,  M=480  and  N=640.  Since  there  are  30  frames  of  .mages 

per  second,  the  computation  requires  18,432,000  (=2x480x640x30)  polynomial  evaluations  per 
second  As  a  result,  a  fast  way  to  evaluate  the  polynomials  is  necessary.  The  technique,  recurs, ve 
evaluation,  takes  only  three  additions  per  pixel  for  the  evaluation  of  a  third-degree  bi-variate 
polynomial.  Numerical  stability  issues  are  also  taken  into  consideration  in  the  techmque. 

To  illustrate  the  approach,  the  evaluation  of  a  third-degree  single-variable  polynom.al  is  firs, 
presented.  The  result  is  then  applied  to  the  bi-variate  case. 
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Smgle.var.able  Polynomial  Evaluation  Let  »(,)  =  e0  +  e.r  +  c,*’  +  where  x  j,  j„  the 

r‘nse'  °'  *’  2 . N'r  ",Ste,d  Performing  the  N  evaluations  separately,  which  takes  at  least 

3N  multiplications  and  3N  additions,  a  recursive  formulation  can  be  used  to  reduce  the  number 
of  computations.  That  is, 

«*(*  +  !)  =  !&(*) +  **(*) 

2/3(0)  =  c0 

where  „,(*)  is  a  second-degr.e  polynomial  which  is  equal  to  (c,  +  c,  +  c3)  +  (2c,  +  3c,),  +  3c„\ 
Since  the  evaluation  of  a  second-degree  polynomial  takes  at  least  two  multiplications  and  two 
additions,  the  required  computations  are  reduced  to  2N  multiplications  and  3N  additions  (pins 
the  three  multiplications  and  three  additions  in  obtaining  the  coefficients  of  „,(*)).  F„,  N, 
the  6N  computations  have  been  reduced  to  5N. 

Similarly,  recursive  formulation  can  be  applied  to  y2(x),  or 

y2(z  +  l)  =  y2(x)  +  y1(x) 

2/2(0)  =  C\  +  C2  +  C3 

and  then  be  applied  to  yx  [=  (2 c2  +  6c3)  +  6c3z]  such  that 


2/i(s  +  l)  =  yx{x)  +  6c3 


2/i  (0)  =  2c2  +  6c3 


In  summary,  the  following  recursive  formula  can  be  used 


tially. 


to  evaluate  all  the  y3{x)  values  sequen- 


2/3(2;  +  1)  _  y3(x)  +  2/2(2?) 
2/2(21  +  1)  =  Ifc  Or) +  ?!(*) 
2/1(2;  +  1)  =  2/1(2;)  +  6c3 
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the  initial  values 


y(0)  =  co 

yi  (0)  =  2C2  +  6C3 

2/2(0)  =  Cl  +  C2  +  C3 

It  is  clear  from  the  formulation  that  only  3 N  additions  are  needed  (in  addition  to  the  com¬ 
putations  of  several  constants).  It  is  also  clear  that  the  polynomial  evaluation  can  be  implemented 
with  a  pipelined  three-adder  hardware  so  to  produce  one  »(*)  per  dock  cycle. 

Bi-Variate  Polynomial  Evaluation  For  any  specific  image  row,  the  bi-va,iate  polynomial  can 
be  reduced  to  a  single-variable  polynomial  since  the  variable  v  has  a  given  value.  More  specially, 

*(„,»)  =  u„  +  a1»  +  o,.  +  U3U,  +  u.«»  +  «»,+‘I'“3  +  a^V  +  “«™2+a»v8 

=  (00  +  «2«  USV  +  «9«3)  +  («1  +  <M»  +  +  («3  +  +  °«"3 

Therefore,  g.veu  a  specific  value  of  V,  the  coefficients  of  .(«,.)  as  a  polynomial  in  »  can  be 
computed.  It  then  takes  3N  additions  for  the  evaluation  of  the  single-variable  polynomial. 

Numerical  Stability  Considerations  The  coefficients  of  the  bi-variate  polynomials  have  very 
different  dynamic  ranges.  For  example,  the  „  value  may  be  from  -5  to  5  while  the  «,  value  may 
be  from  -0.0000001  to  0.0000001.  This  is  because  the  value  of  *(«,»)  (or  y(“,»))  ls  bounded  or 
image  alignment  and  on.  of  the  contributing  factor  for  .(«,.)  is  bora  the  multiplication  of  u» 
with  which  can  be  very  large.  From  implementation  point  of  view,  the  different  dynamic  ranges 
cause  numerical  problem  due  to  finite  precision.  One  way  to  ease  the  problem  ,s  .0  normal, se  the 
coefficients  as  follows.  The  technique  is  illustrated  below  with  a  single-variable  pol, normal. 

Let  „(r)  =  co  +  or  +  or7  +  can*.  where  r  is  in  the  range,  0,  1,  2 . N-l.  The  value  of  c, 

may  be  too  small  because  (N-l)*  is  pretty  large.  To  balance  the  ranges,  y(r)  can  be  reformulated 


y{x)  =  co  +  (ciS)|  +  (c2S’2)(|)2  +  (c353)(5)3 
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Let  xn  _  x/S  and  g(xn)  =  y(x),  then 


3{xn)  _  c0  +  (ciS)xn  +  ( c2S2)xl  +  (c353)4 

=  cn0  -f-  cnixn  +  cn2z3  +  cn3a:3 

where  S  is  a  constant  whose  value  is  chosen  to  be  dose  to  N  and  *(*„)  becomes  a  polyno- 

m,al  whose  coefficients  are  normalised  to  similar  dynamic  ranges.  Note  that  x„  is  in  the  range 

0, 1/S,  2/S,  1)/S.  This  requires  a  simple  change  to  the  recursive  formulation.  It  can  be 

shown  that  the  previous  evaluation  formula  become  as  follows. 


»(*  +  |)  =  2 ,3(x)+^p. 

+  =  2/2(*)  +  ^ 
z  1,  " 

yi(x+^)  =  yi{x)  +  c 

where  c  is  a  constant  and  the  initial  values  cm  be  computed  from  the  normalised  coefficients. 
Therefore  the  cost  of  normalisation  to  the  polynomial  evaluation  is  simply  some  data  shifting 
when  S  ,s  chosen  to  be  tor  a  power  of  two  number.  In  the  project,  512  is  used  for  S. 

2.3  Timing  Requirements 

The  video  input  of  the  project  has  30  frames  a  second  and  the  frame  resolution  is  480  x  640 
(height,  width).  As  a  result,  there  are  9.216  MegaBytes  (=  640  X  480  X  30)  of  pixels  per  second 
for  each  channel  of  video  signal.  Since  a  video  signal  contains  some  horisontal/vertical  blanking 
periods,  the  actual  pixel  rate  is  even  higher.  In  fact,  a  clock  rate  of  12.5  MHz  is  necessary  for  the 
LIMAR  hardware  system  for  real  time  processing.  This  translates  into  80  nsec  of  clock  period 

during  which  time,  for  each  channel,  two  third-degree  bi-variate  polynomials  need  to  be  evaluated 
and  a  bilinear  interpolation  needs  to  be  calculated. 
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3  LIMAR  Processing  System 


The  current  design  of  the  LIMAR  processing  system  is  shown  in  Figure  2.  The  system  processes 
and  combines  two  channels  of  camera  signals.  The  system  contains  two  cameras,  two  momtors, 
two  video  I/O  boards,  a  LIMAR  processing  board,  two  image  alignment  boards,  a  microcontroller 
board,  and  a  personal  compnter  (PC).  Each  video  I/O  board  processes  one  channel  of  analog 
camera  signal  and  converts  it  to  a  digital  data  string.  The  data  buffering  and  video  signal  syn¬ 
chronization  are  also  performed  by  the  video  I/O  boards.  Each  channel  of  digital  data  >.  then 
sent  to  a  corresponding  image  alignment  board  which,  in  real-time,  align,  an  ,mage  frame  w„h  an 
•ideal”  image  frame,  o,  equivalently,  removes  some  image  spatial  distort, one.  The  aligned  .mages 
are  fed  to  the  LIMAR  processing  board  for  further  processing.  The  results  are  sent 
I/O  boards  and  displayed  on  the  monitors.  A  microcontroller  board  serves  as  the  PC  command 
interpreter  and  control,  the  whole  LIMAR  system.  An  application  program  with  graphic  use. 
interface  (under  Windows  3.1  environment)  run.  on  a  PC  and  talks  to  the  system  through  a  PC 
parallel  port.  The  usage  of  the  PC  parallel  port  increases  the  portability  of  the  whole  system. 

In  this  project  the  system  has  been  fully  defined  and  several  hardware  boards  have  been 
implemented  and  tested  so  to  verify  the  feasibility.  Accomplished  include  (1)  the  definition  of  the 
LIMAR  system  bus,  (2)  the  design,  implementation,  and  testing  of  a  video  I/O  board,  (3)  the 
design,  implementation,  and  testing  of  an  image  alignment  board,  (4)  the  design,  implementation, 
and  testing  of  the  microcontroller  board,  and  (5)  the  implementation  of  the  LIMAR  control 

program. 


3.1  LIMAR  System  Bus  Definition 


Since  the  LIMAR  system  bus  is  used  by  all  the  boards  involved,  a  clear  definition  of  Its  signals  helps 
to  decouple  the  designs  of  individual  boards.  The  16-bit  PC/AT-bus  is  adopted  and  modified  to 
serve  as  the  system  bus  because  of  ills  low  cost  and  popularity.  By  doing  so,  any  AT-bus  prototype 
board  can  be  used  for  the  LIMAR  development.  In  fact,  each  of  the  board  in  Figure  2  uses  a  full 
size  (13”  x  4  5")  AT-bus  daughter  board.  The  AT-bus  connector  is  a  62-pin  edge  connector  with  a 
secondary  36-pin  edge  connector.  The  bus  pinouts  were  re-defined  for  LIMAR  system  so  that  all 
the  real-time  signals  are  embedded  in  the  system  bus  while  some  slower  signals  a„  implemented 
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Figure  2:  LIMAR  Processing  System  Overview 
with  inter-board  cable  connections. 

3.2  Video  I/O  Board 

The  video  I/O  board  is  designed  to  satisfy  several  requirements.  First,  it  allow,  the  PC  to  grab  a 
smgie  frame  of  image.  Second,  it  allows  the  PC  to  display  a  single  frame  of  image  on  a  monitor 
Thrrd,  „  converts  interlaced  analog  NTSC  signal  to  non-interlaced  digital  signal  and  converts  the 
digital  signal  back  to  analog  in  real-time.  Lastly,  it  allows  the  PC  to  place  a  testing  image  for 
alignment.  The  last  requirement  makes  it  a  lot  more  easier  to  test  both  the  video  board  and  the 
alignment  board.  The  video  I/O  board  as  shown  in  Figure  3  contains  the  following  components 
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1.  Video  In  Decoder  and  Video  In  FIFO  (First-In-First-Out):  The  decoder  unit  converts  an 
analog  interlaced  NTSC  video  signal  into  a  frame  of  digital  non-interlaced  data  which  is  then 
stored  into  the  input  FIFO  unit.  The  problem  of  synchronizing  two  independent  cameras 
is  solved  with  suitable  timing  control.  The  intensity  calibration  unit  is  currently  bypassed 
since  it  is  useful  only  when  both  channels  are  in  place. 

2.  Video  Out  FIFO:  The  image  data  in  the  input  FIFO  is  sent  to  the  dual-port  memory  on  the 
alignment  board-  For  a  complete  system,  the  output  of  the  alignment  board  is  sent  to  the 
LIMAR  board  which  collects  and  processes  two  channels  of  data.  The  output  FIFO  unit 
receives  data  from  the  LIMAR  board.  All  the  inter-board  data  transfers  here  are  in  real-time 
and  go  through  the  LIMAR  system  bus.  Currently,  the  LIMAR  board  is  no.  available  yet. 
So  an  extra  board  is  used  to  relay  the  output  of  the  alignment  board  to  the  video  out  FIFO 
unit  on  the  video  board.  The  input  to  the  FIFO  is  non-interlaced  while  the  output  of  the 

FIFO  is  interlaced. 

3.  Video  Out  Encoder:  The  encode,  unit  converts  the  digital  images  from  the  output  FIFO 
unit  into  NTSC  signals  which  can  be  displayed  on  a  monitor. 

4.  Video  Controller:  The  controller  unit  is  used  to  generate  timing  signals  for  the  two  FIFO 
units  and  the  intensity  calibration  unit.  It  solves  the  camera  synchronization  problem  and 
the  interlaced  image  conversion  problem.  The  controller  is  designed  and  implemented  with 
an  Altera  Erasable  Programmable  Logic  Device  (EPLD)  EMP5128  EPLD  chip. 

5.  Tri-state  Data  Multiplexer,  Demultiplexer,  and  Buffers:  They  are  used  to  select  and  buffer 
desired  data  or  control  signals  from/to  bus.  Note  that  a  local  bus  is  used  between  the  video 
board  and  the  microcontroller  board  to  accommodate  non-real-time  signals. 


3.3  Image  Alignment  Board 

The  image  alignment  is  to  convert  an  input  image  to  another  image  according  to  two  bi-variat. 
polynomials,  x(u,v)  and  y(u,v).  An  input  pixel  at  location  (n,  v)  is  mapped  to  location  (x,  y)  on 
an  output  image.  If  (x,  y)  is  not  a  valid  image  location  and  falls  among  several  pixels,  a  br-lmear 
interpolation  is  performed.  The  design  of  the  image  alignment  board  is  sketched  in  F.gure  4. 
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The  design  contains  dual-port  memory  components  to  buffer  data,  polynomial  generators 
to  compute  x(u,v)  and  y(u,v),  a  circuit  to  perform  bi-linear  interpolation,  and  two  controllers. 
The  polynomial  generator,  and  the  circuit  for  the  bi-linea,  interpolation  are  implemented  with 
XILINX  Field  Programmable  Gate  Array  (FPGA)  XC4003  and  XC4005,  respectively.  The  two 
controllers  are  implemented  with  ALTERA  EPLD  EPM5000  series  chips.  The  usage  of  these 
advanced  programmable  logic  devices  reduces  chip  counts  and  facilitates  rapid  implementation 


3.4  The  Microcontroller  Board 

An  MC6S11  microcontroller  receives  commands  from  a  PC  program  through  the  standard  PC 

parallel  port  and  controls  the  board  accordingly.  Since  the  standard  PC  parallel  port  is  usually 

used  as  output  printer  port,  some  effort  was  spent  in  converting  it  to  a  bi-directional  port.  The 

microcontroller  sends  I2C  signals  through  local  bus  to  control  the  video  in  decoder  and  video  out 

encode,  on  the  video  I/O  board.  In  addition,  the  microcontroller  controls  various  data  buffers 

(74244s)  to  select  system  working  modes  such  as  grabbing  image,  displaying  image,  or  real-time 
processing. 


3.5  The  LIMAR  Control  Program 

The  LIMAR  control  program  is  an  IBM-PC/Mic,o»ft  Windows-based  program  that  serves  to 
initialize  and  control  the  activities  of  the  various  components  of  the  LIMAR  system.  Due  to  the 
speed  required  to  process  thirty  640x480  pixel  images  every  second,  the  LIMAR  control  program 
doe,  not  take  part  in  the  real  time  operation  of  the  system.  Rather,  the  program  will  load  startup 
parameters  to  various  modules  of  the  system  and  then  send  control  signals  to  enable  and  disable 
those  modules.  The  program  has  very  friendly  user  interface. 

4  Conclusion 

The  LIMAR  device,  which  is  conceptually  the  fastest  image  ranging  device,  utilises  two  cameras 
to  grab  images  which  are  required  to  be  in  full  registration.  In  this  project,  camera  registration 
algorithms  were  refined  and  incorporated  into  a  customized  processor  design  which  can  convert  the 
image  pair  into  range  and  intensity  images  in  real-time.  The  detailed  design  of  the  processing  unit 
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and  the  control  unit  ha.e  been  completed.  Several  hardware  board,  were  implemented  and  tested 
verify  the  design.  Compared  to  the  prototype  LIMAR  system  which  was  assembled  m  1992 
and  could  not  perform  real-time  computations  due  to  the  usage  of  a  general  purpose  computer, 
the  proposed  processor  represents  a  significant  enhancement  to  the  future  LIMAR  development 
program  at  the  Avionic  Directorate  of  Wright  Laboratory. 
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applications  of  wavelet  subband  decomposition  in 

ADAPTIVE  ARRAYS 


Ismail  Jouny 
Assistant  Professor 
Department  of  Electrical  Engineering 
Lafayette  College 

Abstract 


Pre-processing  radar  signals  incident  on  an  adaptive  array  by  applying  an  invert. 
ibie  transformation  such  as  wavelets  is  the  focus  of  this  study.  The  effect  of  wavelet 
subband  decomposition  of  radar  signals  prior  to  adaptation  using  an  LMS  algorithm 
or  an  Applebaum  processor  on  the  adaptation  rate  of  these  processors  is  examined. 
The  impact  of  wavelet  transform  on  the  bandwidth  performance  of  adaptive  arrays 
is  also  investigated.  The  performance  of  wavelet  transform  based  array  processors  is 
compared  with  that  of  the  FFT,  and  Cosine  transform.  The  dynamic  range  of  the 
array  weights  before  and  after  wavelet  transformation  is  also  being  examined.  Sim¬ 
ulations  involving  experimental  radar  data  and  different  types  of  wavelets  are  also 


presented. 
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APPLICATIONS  OF  WAVELET  SUBBAND  DECOMPOSITION  IN 

adaptive  arrays 

Ismail  Jouny 


I.  Introduction 

Wavelet  subband  decomposition  is  a  recently  developed  and  rapidly  evolving  sig¬ 
nal  processing  technology  with  emerging  applications  in  speech  compression,  image 

coding,  geophysics,  radar  and  sonar  signal  processing. 

The  author,  in  a  study  conducted  at  Wright  Patterson  Air  Force  Base  during 
the  summer  of  1992,  used  wavelet  based  target  scattering  features  in  radar  target 
recognition.  The  results  indicated  that  wavelet  decomposition  of  radar  cross  section 
measurements  (RCS)  of  unknown  radar  targets  may  be  reliably  used  for  target  identi¬ 
fication  under  different  noise  scenarios  and  without  complete  knowledge  of  the  target 

azimuth  position. 

The  following  study  is  the  result  of  a  research  effort  supported  by  AFOSR  research 
initiation  program  which  followed  the  author’s  Summer  Faculty  Fellowship  at  Wright 

Patterson  AFB. 

This  study  focuses  on  the  application  of  wavelet  decomposition  in  adaptive  an¬ 
tenna  arrays,  an  idea  that  was  developed  during  the  summer  of  1992  through  conver¬ 
sations  with  WPAFB  fellow  researchers  and  senior  scientists.  The  following  summary 
of  results  shows  that  wavelets  present  a  unique  opportunity  for  improving  the  perfor¬ 
mance  of  adaptive  antenna  arrays. 

Two  specific  points  are  addressed  in  this  study,  first  the  effect  of  wavelet  decompo¬ 
sition  on  adaptation  speed  and  convergence  rate  of  adaptive  systems  including  changes 
in  the  eigen  structure  of  the  covariance  matrix.  A  connection  between  wavelet  domain 


21-  3 


adaptation  and  other  transform-domain  adaptive  processing  techniques.  Secondly, 
this  study  examines  the  effect  of  wavelet  transform  on  the  bandwidth  performance  of 
adaptive  arrays.  Scenarios  of  wideband  jamming  are  simulated  and  the  array  signal- 
Mnoise+interference)  ratio  is  examined.  The  study  shows  that  improvement  can  be 
achieved  regarding  the  adaptation  and  convergence  speed  of  adaptive  arrays  as  well 

as  computational  speed,  but  wavelet  subband  decomposition  has  little  effect  on  the 
bandwidth  performance  of  an  array. 

Tins  research  focuses  on  incorporating  wavelet  subband  decomposition  into  adap¬ 
tive  array  processing  of  both  narrowband  and  wideband  radar  signals.  Radar  signals 
can  be  decomposed  using  wavelets  into  orthogonal  and  almost  decorrelated  subbands. 
Such  a  decomposition  is  usually  performed  using  Fast  Fourier  Transform  (which  is 

equivalent  to  using  a  bank  of  non-orthogonal  bandpass  filters)  or  using  tapped  delay 
line  cancellers. 


Because  the  concept  of  wavelet  analysis  was  just  recently  developed,  a  brief  review 
of  wavelet  subband  decomposition  including  definitions  and  properties  is  presented  in 
the  following  section.  Sections  III  and  IV  detail  the  work  done  and  present  new  results 

concerning  the  performance  of  adaptive  antennas.  Section  V  presents  conclusions  and 
suggestions  for  future  work. 


II*  Wavelet  Subband  Signal  Decomposition 

Wavelet  signal  approximation  is  a  powerful  signal  processing  technique  based 
on  subband  decomposition  using  orthogonal  Finite  Impulse  Response  (FIR)  filters. 
These  filters  are  generated  from  the  so-called  wavelet  functions.  This  framework 
of  signal  processing,  often  called  “multi-resolution  analysis”,  provides  the  means  for 
signal  decomposition  into  orthogonal  octave  bands  so  that  every  subband  can  be  pro- 
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cessed  separately.  An  exact  replica  of  the  original  signal  can  be  reconstructed  using 
a  set  of  orthogonal  octave  band  filters. 

The  wavelet  transform  of  a  signal  x(t)  is  by  definition  a  convolution  of  f(t)  with 


a  wavelet  ip(t)  dilated  by  a  factor  a, 

dt 

which  can  be  expressed  in  the  frequency  domain  as 


(1) 


Wx{a,b)  =  4=  /  X(u)y(aujy“b  dxv  ^ 

V  a  J-oo 

Thus,  the  wavelet  transform  of  x(t)  is  equivalent  to  filtering  x(t)  using  the  bandpas 
filter  qt(aiv)  whose  bandwidth  varies  as  a  function  of  scale  a.  For  o  -  2  ,  j  €  Z 
these  filters  represent  octave  band  filters.  Clearly,  large  scales  correspond  to  narrow 
smoothing  filters  that  present  a  global  view  of  the  signal  x(t)  and  small  scales  corre¬ 
spond  to  wideband  filters  that  extract  the  details  of  x(f )  (high  frequency  components). 
The  signal  x(t)  can  be  recovered  from  its  wavelet  transform  using 

=  dadb  l3) 


assuming  that 

/!* ME<l,<oo  m 

L  M 

or  }tm)  dt  =  0.  Fourier  transform  and  Fourier  series  approximations  of  xft)  require 
many  expansion  coefficients  associated  with  high  frequency  components  to  model 
transient  signals  and  perform  the  necessary  cancellation,  thereby  permitting  the  in¬ 
clusion  of  high  frequency  noise.  In  contrast  to  that,  wavelet  analysis  permits  a  se¬ 
lective  mode  representation  of  the  signal  due  to  the  compact  nature  of  the  analysing 
wavelet  (limited  duration  of  and  is  therefore  particularly  suited  for  analyzing 

transient  signals  and  singularities.  When  using  Fourier  transform,  we  expand  the 
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signal  x(t)  using  orthogonal  complex  sinusoidal  functions.  Similarly,  with  wavelets 
we  expand  the  signal  using  dilated  and  translated  version  of  a  mother  wavelet  *(t). 

Orthogonality  is  an  important  element  of  wavelet  analysis  where  a  wavelet  *(i)  is 
orthogonal  to  its  own  dilations  4>(a t)  and  translations  0(t  -  6).  Orthonormal  expan¬ 
sions  are  smooth  and  smooth  functions  have  a  rapidly  decaying  Fourier  representa¬ 
tion  which  enhances  the  frequency  resolution  attained  using  wavelet  decomposition. 
Wavelet  transform  parameters  can  be  discretized  so  that 


^mn 


(5) 

where  a  =  <  and  b  =  n<7\  and  T  is  the  sampling  period.  The  signal  x(t)  can  then 
be  recovered  from  its  expansion  coefficients  using 


m  n  \  °0  / 

Where  A  is  a  constant.  Orthogonality  in  this  case  is  equivalent  to 


(6) 


(^) 


=  0,  Vm,  n  —  {0, 0} 


(7) 


The  accuracy  of  the  reconstruction  depends  on  the  adopted  wavelet  basis  and  whether 

“  “”StitUteS  1  tiSht  ^  The  »!*«  “o  =  2  is  known  as  the  dyadic  wavelet 
transform. 


bove  definition  of  the  wavelet  transform  is  for  continuous  signals.  For  dis¬ 
crete  signals,  wavelet  transform  is  implemented  using  a  bank  of  bandpass  and  low- 
pass  discrete  time  filters  that  can  be  reconstructed  using  few  coefficients.  The  filters 

needed  have  orthogonal  impulse  responses  that  can  be  derived  using  simple  recursion 
formulae. 


The  wavelet  transform  of  a  discrete  time  sequence  *(*)  is  essentially  a  multires- 
olution  characterization  of  ,(*).  Wavelet  decomposition  of  ,(*)  is  represented  by  a 
set  of  detail  signals  that  are  associated  with  the  high  frequency  components  of  *(*) 
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and  a  final  coarse  approximation.  Mallat  [17]  has  developed  a  very  efficient  multires¬ 
olution  wavelet  decomposition  algorithm  that  limits  the  number  of  wavelet  expansion 
parameters  to  N  where  N  is  the  length  of  the  data  sequence  x(k).  As  the  signal  x(k) 
propagates  through  the  filter  bank  tree  of  lowpass  and  highpass  filters,  the  output  of 
the  highpass  filter  G{z)  at  stage  m  is  a  sampled  version  of  the  wavelet  transform  of 
x(k)  at  scale  2m.  At  each  stage,  the  bandwidth  of  both  filters  is  halved  with  the  high 
halfband  associated  with  the  highpass  filter  and  the  low  halfband  associated  with  the 
lowpass  filter.  The  dyadic  discrete  wavelet  transform  is  essentially  a  decomposition 
of  the  spectrum  of  *(*),  X(e>“)  into  orthogonal  subbands  defined  by 


1  1 
qJt  -  u  -  2  j+1T 


;  j  —  1,  J 


(8) 


where  T  is  the  sampling  period  associated  with  x(k).  Therefore,  wavelets  are  unique 
in  offering  a  framework  for  examining  radar  signals  at  different  resolutions  (different 


frequency  bands)  and  processing  each  component  separately. 


III.  Wavelets  and  Adaptive  Arrays 


Adaptive  array  processing  with  applications  in  radar  and  communications  is  a 
discipline  that  has  received  considerable  attention  in  the  last  few  decades.  There  are 
numerous  studies  addressing  almost  every  aspect  of  the  problem  of  adaptive  signal 
processing.  Rejection  of  intentional  jamming  and  scattered  interference  is  one  of  the 
many  applications  of  adaptive  array  processing.  Decorrelation  of  signal  components, 


for  the  purpose  of  simplifying  the  adaptation  procedures,  by  means  of  subband  de 


composition  either  using  the  FFT  or  using  tapped  delay-line  cancellers  has  also  been 


a  subject  of  great  significance  in  adaptive  processing. 

The  bandwidth  performance  (or  nulling  bandwidth)  is  an  important  factor  m 
designing  adaptive  arrays.  To  address  this  problem,  researchers  have  proposed  FFT 
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processing  as  a  tool  for  band  partitioning  the  frequency  response  of  the  received  signal 
and  adapting  each  band  separately.  Others  have  shown  that  a  transversal  filter  con- 
structed  as  a  tapped  delay-line  does  improve  the  bandwidth  performance  of  adaptive 
arrays.  L.  E.  Brennan  compared  the  performance  of  both  FFT  based  processing  and 
transversal  filters  in  improving  the  cancellation  ratio  of  sidelobe  cancellers  assuming 
mismatched  receiver  characteristics.  Mismatch  between  receivers  in  different  chan¬ 
nels  could  be  simulated  as  random  pole  placement,  or  shift  in  the  center  frequency 
and  a  difference  in  the  bandwidth  of  the  receiver.  Different  receiver  mismatch  scenar¬ 


ios  were  considered  in  Brennan’s  study  and  the  transversal  filter  method  constantly 
outperformed  the  FFT  approach.  Later,  Compton  showed  that  both  methods  have 
equivalent  bandwidth  performance  (improving  nulling  bandwidth)  provided  that  the 
ay  between  taps  is  identical  to  the  delay  between  samples  of  the  FFT.  He  also 
showed  that  no  invertible  transformation  can  be  inserted  between  the  delay-line  taps 
and  the  weights  that  may  improve  the  nulling  bandwidth  of  the  array.  However  using 
the  FFT  technique  reduces  the  correlation  between  samples  in  disjoint  frequency  sub¬ 
bands  which  leads  to  a  block  diagonal  covariance  matrix.  Thus  with  FFT  processing 
the  weights  are  computed  and  adapted  separately  in  each  band.  Although,  samples  in 
different  frequency  bands  are  usually  not  completely  decorrelated  and  the  covariance 


matrix  is  not  absolutely  block  diagonal,  frequency  domain  adaptive  filtering  reduces 
the  eigenvalue  spread  of  the  data  autocorrelation  matrix. 


1.  Array  Structure 

The  adaptive  arrays  examined  in  this  report  are  known  as  the  Applebaum  array 
and  the  LMS  array.  Although,  we  focus  on  the  LMS  adaptation  algorithm,  the  results 
can  be  readily  generalized  to  include  the  Applebaum  array. 
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An  N  elements  array  is  shown  in  Figure  1  where  X  denotes  the  input  vector 


The  array  includes  K  tap  delay  elements  with  N K  weights,  henceforth  the  weight  vec¬ 
tor  W.  The  weights  are  controlled  using  either  the  LMS  algorithm  (where  a  reference 
signal  is  required)  or  the  Howell- Applebaum  algorithm  where  both  algorithms  yield 
the  same  optimal  solution.  The  output  signal  is  denoted  by  where  (T 

denoting  transpose).  The  optimal  weight  solution  for  both  algorithms  is 


Wopt  =  1  S.X 


(10) 


where  Sx  is  the  steering  vector  (Sx  =  S{*W).  r«  b«n«  the  referenCe  sigml)  ' 
The  matrix  is  the  covariance  matrix  of  the  input  vector  X,  and  defined  as 


$  = 


E{X  nXn)  •••  E{XnXiK 
E{XnXn}  E{X 2iXlK} 

E{XNkXu  •••  E{XNkX\K} 


E{X\\Xhk } 
E{X2\Xnk }  (^) 

E{XnkXnk}  _ 
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where  E{ .}  denotes  the  expected  value.  Each  weight  vector  is  adjusted  according  to 
the  rule 

=  -k  Viv  E{[r(t)  -  s(*)]2}  ^ 

at 

where  r(t)  is  the  reference  signal  (correlated  with  the  desired  signal  d(t)).  If  the  input 
is  discrete  then  the  above  adaptation  rule  at  time  n  reduces  to 

=  W£  +  2 pX%  [r(n)  -  s(n)]  ^ 

To  ensure  stability  of  the  LMS  algorithm,  /i  can  be  chosen  as 

2  (14) 

0  <  ^  <  NKE{X 2} 

In  fact  for  the  weights  to  converge,  the  adaptation  parameter  p  should  be  chosen  such 


^  v  / 

°  <  ^  <  tr($x) 

Notice  that  by  taking  the  expected  value  of  both  sides  of  the  adaptation  equation 
(written  in  vector  form  hereafter) 

E{Wn+l]  =  Wn +  2[iE{X  [r(n)  -  XTW}} 

which  can  be  rewritten  as 

E{Wn+1}  =  (7  -  2/i$)  W  +  2nE{Xr(n)}  (17) 

where  $  =  E{XXT}.  The  above  equation  can  be  further  simplified  to  yield 

E{Wn+i  -  Wopt}  =  (/  -  2 n$)nE{W°  -  Wopt }  (18) 

By  properly  choosing  //,  the  above  equation  leads  to  (10). 
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2-  Transform-Domain  Adaptation 

The  convergence  of  the  above  adaptation  algorithm  is  dependent  on  the  eigen- 
spread  (aiming  stationary  input)  Am„/Amm  which  is  known  as  a  the  condition 
number  which  is  an  indicator  of  the  rate  of  convergence  of  the  adaptive  algorithm  and 
provides  diagnostic  description  of  the  ill-conditioning  of  the  matrix  *.  Therefore,  in 
order  to  achieve  high  convergence  rates  (which  is  a  crucial  factor  in  radar  technology), 
the  adaptation  must  be  performed  in  an  orthogonal  domain  obtained  by  transforming 
the  input  vector  X  The  Karhunen-Loeve  transform  would  be  the  ideal  transform 
which  produces  completely  orthogonal  signal  components  but  computing  the  KLT 

“  Very  dependent  on  the  ““t  estimate  of  4>  which  is  complicated  and  impractical 
Two  other  possible  options  which  are  not  based  on  transformation  but  can  improve 
the  adaptation  speed  are;  the  recursive  least  square  algorithm  (RLS)  and  the  Gram- 

Schmidt  orthgonalization  method.  These  options  are  tedious  and  computationally 
demanding. 

Alternatively  we  may  use  the  following  transforms: 

1)  Discrete  Fourier  transform  (implemented  with  the  FFT)  where  the  input  signal  X 
is  transformed  into 

^  =  (W) 

1 

Y.  _  1  V"1  ir  ]2nnk 

,n  “  7/f  2^e  " 

V  k= 0 

2)  the  Cosine  transform 
z.  = 

,0  K  z2X'n  fon\ 


c\ 


in  COS 


tt(2  n  +  l)jfc 

2N 


which  can  be  implemented  using  a  bank  of  bandpass  filters. 
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Figure  2:  An  M  elements  adaptive  array  with  wavelet  transform  as  a  pre-processor 


2 


3)Wavelet  transform  (defined  in  Section  II  and  implemented  using  a  cascade  of  low 

pass  and  high  pass  filters)  as  shown  in  Figure  2.  The  wavelet  transform  at  resolution 

M  [3]  of  the  discrete  signal  *  (where  *  is  of  length  K  and  entering  the  1  -  th  array 
element)  can  be  expressed  as 


V  =  QlogMK(...(Q2(Q1Xi))...) 

Q .  _  0  | 


where  Ds  is  the  wavelet  analysis  matrix  at  stage  j,  and  /  is  the  identity  matrix. 

The  transform  domain  adaptive  antenna  array  is  shown  in  Figure  2  where  the 
input  vector  A'  is  transformed  into  an  output  vector  Y.  Notice  that  in  all  of  the 
above  transforms,  the  output  could  be  written  as  Y  =  FA,  where  F  represents  the 
transformation  matrix  of  rank  N.  The  new  weight  vector  U  is  adapted  using 

U^=U"  +  2^Y{r(n)-Sr]  ^ 

where  sy  =  YTU  and  p  is  normalized  with  respect  to  E{YTY}.  If  p  is  properly 
chosen,  then  the  optimal  weight  solution  is 

U opt  —  d1  y  '  Sy 

(25) 

where  *y  =  E{YY -}  =  B{TXX*I*}  and  Sy  =  E{Yr(n)}.  Therefore, 

•fy  =  l'J>yrT 

(26) 

thus  U„„  =  $p-Sy  =  IGamma-^-T-^frArW}  can  expressed  as  and  the  state- 
ment  SY  -  Y  U  =  VXTW  =  YSx  is  thus  equivalent  to 

Uopt  =  (27) 

=  r-Tw„„, 
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It  is  shown  in  [1]  that  the  condition  number  of  by  is  always  less  than  that  of  bx 
which  implies  that  adaptation  in  the  transform  domain  will  proceed  faster  than  that 

in  the  time  domain. 

The  performance  of  wavelet  based  LMS  filters  depends  on  the  convergence  param- 
eter  and  the  type  of  mother  wavelet  used.  In  [8],  the  wavelet  packet  approach  is  used 
to  improve  the  rate  of  convergence  of  adaptive  arrays.  The  method  used  in  [5]  is  based 
on  maximizing  the  cross-correlation  between  received  signals,  and  the  decomposition 
scheme  is  chosen  so  that  wavelet  processed  signals  are  maximally  correlated  in  each 
of  the  subbands.  This  approach  may  produce  better  convergence  rates  than  direct 
wavelet  subband  decomposition,  but  requires  a  nontrivial  additional  computational 
burden  which  makes  the  proposed  method  even  more  demanding  than  the  recursive 

least  square  approach  or  the  Gram-Schmidt  method. 

The  question  that  arises  immediately  after  employing  wavelet  transform  in  adap¬ 
tive  antenna  arrays  is  whether  the  covariance  matrix  of  the  transformed  signal  is 
totally  diagonal  (i.e.  its  condition  number  is  one).  Neither  the  FFT,  nor  the  Cosine 
transform  produce  totally  decorrelated  signal  components  or  a  diagonal  covariance 
matrix  because  of  limitations  concerning  the  implementation  of  these  transforms.  The 
wavelet  transform,  which  is  also  an  orthogonal  subband  decomposition  scheme,  does 
not  produce  completely  decorrelated  signals  either.  In  fact  it  is  shown  in  [3]  that,  for 
a  large  class  of  random  processes,  off  the  diagonal  elements  of  the  covariance  matrix 

can  be  generally  expressed  in  the  following  form 

=  ia^e~%p{^  (ao(0  +  o(l))  +  oi(0  ^ 

and  are,  despite  decreasing  at  a  fast  rate  as  a  function  of  time,  not  identically  zero. 
The  correlation  between  signal  components  that  belong  to  different  subbands  decays 
even  faster  than  what  is  indicated  in  the  above  equation.  Therefore  the  covariance 
matrix  of  wavelet  transformed  radar  signal  is  near  diagonal. 
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(timescale)  AdaPUVe  Wi‘h  adaptetio"  in  «“  —let  transform  domain 


Erdol  and  Basbug  [2]  proposed  an  alternative  incorporation  of  wavelet  decom¬ 
position  into  adaptive  arrays  through  sampling  the  direct  wavelet  transform  of  the 
incoming  radar  signal  and  truncating  the  dyadic  wavelet  series  both  in  scale  and 
in  translation.  This  approach  requires  computational  complexity  in  the  order  of  the 
number  of  samples  NK  but  no  truncation  criterion  is  available  and  improper  sampling 
of  the  wavelet  transform  may  not  yield  the  necessary  improvement  in  adaptation  rate. 
Alternatively,  we  propose  to  use  the  regular  subband  decomposition  scheme  which  re¬ 
quires  arithmetic  operations  directly  proportional  to  the  number  of  data  samples  NK 
and  thus  compares  favorably  with  that  of  the  FFT  or  the  Cosine  transform  from  a 
computational  standpoint. 

3.  Error  Analysis 

The  minimum  asymptotic  error  (Wiener  solution)  achieved  with  adaptation  in  the 
wavelet  domain  e”  is  related  to  that  of  the  time  domain  e,  as  follows  (using  similar 

argument  to  [2]) 

e»  =  e,  -  sj  (r’Vr  -  *;■)  Sx  (29) 

thus  the  asymptotic  error  obtained  in  the  transform  domain  could  be  lower  than  its 
counterpart  in  the  time  domain  when  S?  (I^T  -  ftf)  &  is  positive  semi-definite. 
The  steady  state  mean  square  error  is  defined  as 

(30) 

t,  „  =  e  +  ca 

where  £a  is  the  excess  mean  square  error  and  e  is  the  minimum  error  obtained  by 
Weiner  solution.  The  excess  mean  square  error  of  the  time  domain  [4]  and  transform 

domain  LMS  are 

6a  =  ~^Tr{^x)emin 
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£"  =  5^*^)*.  (32) 

where  7V()  denotes  the  trace  of  a  matrix.  Note  that  Tr (4>y)  is  upper  bounded  by  the 

energy  of  Y  which  is  upper  bounded  by  the  energy  of  X  (wavelet  transform  reserves 

energy).  Therefore,  the  excess  mean  square  error  of  the  wavelet  transform  LMS  is 
upper  bounded  by  that  of  the  time  domain  LMS. 

The  Adaptation  Parameter  u 

The  performance  of  the  wavelet  based  adaptation  scheme  also  depends  on  the 
choice  of  adaptation  parameter  p.  Stability  requires  that 


where  is  the  largest  eigenvalue  of  the  covariance  matrix  4>v.  Alternatively  p 
could  be  chosen  as  a  function  of  time  „  where  p„  =  ^.  This  approach  improves 
the  convergence  rate  of  the  array  but  depends  on  the  fluctuations  of  signal  power 

including  steady  state.  A  better  convergence  rate  can  be  achieved  if  p  is  dependent 
on  the  inverse  of  the  covariance  matrix. 

W'n+1  =  M,"  +  2^j'V(r(„)-sx]  (34) 

Cn+1  =  (r  +  2 p$f 1  (r(n)  -  sy ]  ^ 

This  approach  (1,  2,  4)  is  known  as  self-orthogonalization  LMS  and  results  in  faster 

convergence  rate  when  applied  in  the  time  domain.  The  parameter  p  in  this  case  can 
be  chosen  as 

0<fi  <  JL 

NK  (36) 

The  eigenvalues  of  the  self-orthgonalization  matrix  are  all  one,  which  results  in  signifi- 
cant  improvement  in  adaptation  speed.  An  alternative  wavelet  adaptation  parameter 
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that  is  exponentially  weighted  according  to  the  subband  of  interest  could  also  improve 
the  adaptation  rate  but  requires  careful  adjustment  of  the  parameter  p.  Cholesky  de¬ 
composition  can  also  be  employed  to  enhance  the  adaptation  speed  [3]  of  antenna 
arrays  where  the  adaptation  parameter  p  is  pre-conditioned  by  a  non-diagonal  ma¬ 
trix  A  (obtained  by  solving  the  equation  A2/  =  Sy)  where  f  is  a  constraint  vector  and 
the  weights  are  then  updated  using  Wn+l  =  W"  +  2(p/A2)/.  This  can  be  attempted 
with  a  modest  increase  in  computational  cost  but  is  not  included  in  the  experimental 
phase  of  this  study.  To  this  end,  our  approach  is  based  on  computing  the  wavelet 
transform  using  a  cascade  of  orthogonal  low  pass  and  band  pass  filters  and  using  ei¬ 
ther  a  fixed  p  or  an  adaptation  parameter  which  is  normalized  with  respect  to  signal 

energy. 

5.  Adaptation  Rate  of  Wavelet  Domain  LMS  ARRAYS 

Radar  cross  section  measurements  of  a  DC10  aircraft  model  were  used  to  examine 
the  impact  of  transformation  on  the  adaptation  speed  of  an  antenna  array.  The  data 
is  recorded  in  the  frequency  range  1-12  GHz  with  increments  of  50  MHz  and  represent 
scattering  in  the  resonance  region.  The  eigenvalues  of  a  ninth  order  covariance  matrix 
are  shown  in  Table  1.  A  lag  of  9  was  arbitrarily  chosen  for  convenience,  and  Table 
1  also  shows  the  covariance  elements  of  the  DC10  RCS  signal  for  lags  0  to  9.  The 
condition  number  Xmax/X min  of  the  covariance  matrix  before  and  after  transformation 
of  the  DC10  data  is  shown  in  Table  2  (in  addition  to  Am,„  and  Amaa;).  Clearly,  the 
condition  number  of  the  wavelet  transformed  data  is  less  than  that  of  time  domain, 
FFT,  and  cosine  transform.  Therefore,  the  covariance  matrix  of  the  wavelet  trans¬ 
formed  signal  is  less  ill-conditioned  than  that  of  the  FFTed  or  the  Cosine  transformed 

data. 

The  adaptation  rate  of  the  arrays  shown  in  Figures  4  and  5  was  examined  using 
three  types  of  signals;  two  sinusoids  in  noise,  colored  noise,  and  noisy  radar  data.  The 
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Table  1:  The  covariance  elements  of  a  DC10  RCS  data  and  the  eigenvalues  of  the 
covariance  matrix 


A 

< i>x 

62.8 

754 

60.2 

707 

71.5 

651 

34.8 

623 

14.7 

582 

3 

553 

144.9 

538 

260.4 

517 

664.9 

489 

6.2 

462 

Table  2:  Condition  number  of  DC10  covariance  matrix  before  and  after  transforma- 


Transform 

min 

^ max 

^max/  A  min 

Time  Domain 

2.955 

6230 

2108 

FFT  Domain 

139 

11800 

92.5 

DCT  Domain 

0.0633 

12.99 

205.2 

Wavelet(D4) 

1.2 

98.2 

81.8 
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first  two  examples  are  commonly  used  in  the  literature  to  demonstrate  new  adaptive 
arrays  algorithms,  and  the  third  example  is  associated  with  real  radar  data.  The 

sinusoidal  signal  is  given  as 

x(k)  =  0.1  cos  (jj)  +  cos  00  +  noise.  (37) 

Figure  6  shows  a  comparison  between  the  LMS  errors  of  time  domain,  Cosine  trans¬ 
formed,  and  wavelet  transformed  data.  The  wavelet  used  to  generate  Figure  6  is  the 
Daubechies  4-tap  wavelet  (D4).  Figure  6  shows  that  the  rate  of  convergence  of  the 
wavelet  transformed  signal  is  higher  than  that  of  the  DCT,  FFT,  or  time  domain 
data.  Wavelets  such  as  the  Daubechies  8  and  19  tap  filters  produced  similar  results 
to  Figure  6.  Figure  7  shows  a  comparison  between  the  convergence  rates  of  two 
transforms  using  a  non-smooth  signal  (generated  using  colored  noise  and  determinis¬ 
tic  components)  as  input.  The  wavelet  used  to  generate  Figure  7  is  the  Daubechies 
D4  wavelet.  The  error  is  averaged  over  50  iterations  and  p  =  0.005.  Figure  8  shows 
similar  convergence  curves  when  the  input  signal  represents  the  RCS  measurements 
of  a  DC10  model  aircraft.  Again,  the  adaptation  of  wavelet  transformed  data  is  faster 
than  other  forms  of  transformation.  Figure  9  shows  a  comparison  between  the  adap¬ 
tation  rate  of  FFTed  data  and  that  of  wavelet  transformed  data  using  a  wavelet  of 
filter  order  19  (D19)  and  the  results  are  relatively  similar  to  those  shown  in  figures 

6,7  and  8. 

6.  Wavelet  Transform  and  Weight  Dynamic  Range 

The  weights  dynamic  range  is  another  important  issue  of  practical  hardware  sig¬ 
nificance  in  adaptive  arrays.  To  examine  the  impact  of  wavelet  transformation  on  the 
weight  dynamic  range  let  ejr  be  the  eigenvectors  of  the  transformation  matrix  T  then 
[39]  the  weight  vector  W  can  be  expressed  as  a  linear  sum  of  ejr 
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2 


(38) 


NK 

^  =  E  'W, 

i=i 

hence,  given  that 

r_1  =  — L_e*? 

xirejr  A  (39) 

where  A,r  are  the  eigenvalues  of  r,  the  new  weight  vector  U-r-'W  can  be  expressed 
as 

NK 

U=T  ¥-ejr 

h  V  (40) 

Therefore,  the  elements  of  the  new  weight  vector  W  can  be  smaller  than  their  coun¬ 
terparts  in  fF  when  all  the  eigenvalues  of  T  are  greater  than  one  (AjT  >  1).  Thus, 
the  dynamic  range  of  weight  vector  elements  can  be  improved  if  AjT  >  1  V).  This  is 

the  case  with  wavelet  transform.  For  example,  consider  the  Haar  wavelet  transform 
of  4  data  points.  The  transformation  matrix  is 

I"  1  I  I  i  1 

4  4  4  J 


1  1 

4  4 

X  1 


-i  I 

4  4 


2  -i  o  o 


L 0  o  5  J 

the  eigenvalues  of  F  are  2.576,  2.576,  2.4  and  2.0  (all  >  1).  Therefore,  the  wavelet 
transform  (see  Figure  3)  improves  the  weight  dynamic  range  of  an  adaptive  array. 

7‘  Wavelet  Transform  and  The  Applebaum  array 

The  above  discussion  about  employing  the  wavelet  transform  applies  to  LMS  based 

adaptive  antenna  arrays.  Similar  arguments  apply  to  the  Applebaum  array.  To  prove 

this  claim,  we  use  arguments  similar  to  those  presented  in  (39],  Let  G  be  the  steering 

vector  and  ,  be  a  constant.  Then,  the  optimum  weight  vector  of  the  Applebaum 
array  is  given  as 
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iterations 


a  tatinn  rate  of  time-domain  LMS  (solid),  Dis- 
LrCL?Zlrm"LMS«ed),  ana  Wave,et  («*  D4)  LMS  with  a 

sinusoidal  input  (dashed). 
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(HP) 


Figure  7:  Adaptation  rate  for  FFT  LMS 
(dotted)  with  a  non-smooth  signal  input. 


(solid)  and  Wavelet  domain  (D4)  LMS 
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Wopt  =  u^G 

and  the  array  output  sx  is 


(42) 


sx  =  XTW  =  vXT®x'G  1  ‘ 

Let  T  be  the  transformation  matrix  as  in  the  LMS  case,  where  the  incoming  radar 
signal  is  being  transformed  prior  to  the  Applebaum  array  processor,  then  the  new 

optimum  weight  vector  U  is 

Uovt  =  v$yXH  (44) 

where  H  is  the  new  steering  vector.  Recall  that  =  T$XFT  then 


Uopt 


=  vT-T$xlY'lH 


(45) 


and  the  output  sy  =  YTU  is  (recall  Y  FX) 

sy  =  nXTrTr-T*j’r-1/f.  (46) 

Clearly,  if  we  chose  H  =  TG  then  sy  =  sx  =  vX^G-  Therefore,  by  incorporating 
a  wavelet  transform  (or  any  transform  T)  prior  to  adaptation  by  an  Applebaum  pro- 
cessor,  the  output  vector  remains  the  same.  The  transform  V  adjusts  the  adaptation 
speed  of  the  array  but  does  not  change  the  signal-to-noise  ratio  of  the  array  output. 


8.  Computational  Requirements 

Transformation  of  an  incoming  signal  prior  to  noise  cancellation  or  interference 
rejection  with  an  array  processor  is  a  computationally  demanding  procedure  and  the 
cost  depends  on  whether  the  signal  is  real  or  complex.  If  the  signal  is  real  then,  for 
example,  it  is  shown  [4]  that  the  number  of  multiplications  needed  is 

N  =  2JV/F  +  5  ^ 
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ITERATIONS 


.IhT6  8j  w°TP  comparison  time  domain  LMS  (solid)  DCT  I 

ted),  and  Wavelet  domain  LMS  (dashed)  assuming  a  DC10  S  RCS  t 


No  =  NK  (3  +  log,  NK)  +  4 

Na  =  NK  log./ NK)  -  1  .SNK  +  4  -r  (6NK  +  1 ) 

A"/!  =  NK\og2(NK)  +  (6NK  +  l) 


(48) 

(49) 

(50) 


where  N,  No,  N«,  N">  represent  the  number  of  multiplications  needed  for  time 
domain  LMS,  self-orthogonalizing  LMS,  Cosine  transform  based  LMS,  and  FFT  based 
MS.  Accordingly  the  number  of  multiplications  required  by  wavelet  based  LMS  is 


Nw  =  cNK  +  1 

(51) 

where  6  <  c  <  7.  Clearly,  the  number  of  multiplications  required  by  the  wavelet 
transform  LMS  algorithm  compares  favorably  with  those  of  other  transforms.  The 
computational  complexity  of  the  above  algorithms  when  the  incoming  signal  is  com- 
plex  (with  both  quadrature  and  in-phase  components  which  is  the  case  in  radar)  is 
about  seven  to  nine  times  that  of  real  data  but  the  computational  burden  of  each  of 
the  above  LMS  techniques  remains  relatively  the  same. 


IV.  Bandwidth  Performance  of  Transform  Domain  Arrays 

The  bandwidth  performance  of  an  adaptive  array  algorithm  is  an  important  mea¬ 
sure  of  its  nulling  power  in  the  presence  of  wideband  interference.  Tapped  delay  line 
cancellers  are  usually  mtroduced  in  an  array  to  improve  its  bandwidth  performance 
and  studies  suggest  that  the  tapped  delay  line  technique,  though  costly,  does  improve 
the  nulling  power  of  an  array  when  wideband  interference  is  present.  Two  studies  [41) 
and  [38]  indicated  that  nulling  using  the  tapped  delay  line  approach  is  superior  to 
employing  an  FFT  prior  to  adaptation.  In  this  section,  we  examine  the  significance 
of  the  wavelet  subband  decomposition  in  improving  the  nulling  performance  of  an 
adaptive  array  when  wideband  interference  is  present.  Our  approach  is  similar  to 
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that  of  [41]  which  begins  with  a  narrowband  signal,  interference,  and  noise  model. 
The  bandwidth  of  the  interference  signal  is  then  increased  and  the  nulling  capability 
of  the  array  is  examined.  Let  the  signal  incident  on  the  k *  tap  of  the  m<*  element  of 

the  array  be 

xmk  =  xik  +  X'mk  +  xzt  (52) 

Note  that,  if  d(t)  is  the  desired  signal  then 

Xdmk  =  d  (t  —  [k  -  1]T0  -  [m  -  1  }Td)  ^ 


L  .  n  (54) 

Td  =  ~  sm  6d 
c 

where  L  denotes  the  separation  between  array  elements,  and  c  is  the  sped  of  light.  The 
sampling  period  of  the  incoming  signal  is  denoted  by  T0.  Similarly,  the  interference 

component  is  defined  as 

X'mk  =  i(t  —  [k  —  1]T0  -  [m  -  1  ]Ti) 

where  i(t)  is  the  interference  signal  arriving  at  an  angle  0,-,  and 

rp  L  (56) 

Ti  =  —  sm  0t 
c 

Let  pi  and  denote  the  power  of  both  the  desired  signal  and  the  interference  given 


pd  =  J5{|d(i)|2} 
Pi  =  £{I*M|2} 


similarly 

Xmk  =  nm{t  ~[k-  1]T0) 
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(59) 


where  nm  is  the  noise  component  arriving  at  the  m“  array  element.  The  covariance 
matrix  is  then  defined  as  -f-  -j. 

**.+*<„+#«  •*,  +  #*,  ...  #lkjr+#(iir  ■ 

+  $„)2  ... 


^.IVl  + 


where 


*&dNN  d*  ^iNN  +  3* 


*NN  ' 


=  E{XdmXdT} 
=  E{X‘mXf} 
♦■w  =  E{X^Xf 


where  X,  denotes  the  transpose  of  the  desired  signal  vector  received  by  the  l‘k  array 
element  and  so  on.  The  output  of  the  array  S  is  defined  as  [39J 


5  ~  WTX  =  sd  +  Si  +  sn 


where 


sd  =  WTXd 
Si  =  WTXi 
sn  =  WTXn 

where  the  vector  Xd  is  a  cascade  of  the  vectors  Xd  m  -  1 

m  >  v  x  5  ■ 

desired  signal  power  is  then 

Vi  =  £{|s(()|2}  =  E{WTXdXdTW }  =  WT<bdW 
similarly 


,  N  and  so  on.  The 


Pi  =  WT$iW 


21-32 


iterations 


Figure  10:  Comparison  between  time  domain  LMS  (dotted)  and  wavelet  domain  LMS 
(solid),  (the  error  averaged  over  1000  experiments). 


Figure  11:  Bandwidth  performance  of  an  adaptive  antenna  array  showing  SINR  vs 
interference  angle  9i  (— f  <  &i  <  f) 
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(70) 


Pn  =  WT<bnW 


and  the  signal-to-(interference+noise)  ratio  at  the  output  of  the  array  is 
SI  NR  =  Pd  -  WT$dW 

Pi+Pn  Wr($,  +  $n)WA  (71) 

which  can  be  computed  by  knowing  tV  and  a,,  a,  and  a„.  The  signals  d(t),  i(t)  and 
n(t),  that  are  used  in  this  study,  were  generated  using  autoregressive  filtering  of  white 
Gaussian  noise  where  the  frequency  response  of  the  filter  used  is 


H( u)  =  n  (  — 

V  Au>0  j 


(72) 


here  U(u/L)  is  a  box  function  of  base  width  L  and  centered  at  u>  =  0.  Therefore 
the  filtered  signal  represents  a  narrowband  signal  with  relative  bandwidth 

B= 

u 0  (73) 

The  bandwidth  of  either  the  interference  or  the  desired  signal  signal  can  be  increased 
by  increasing  Aw0.  Notice  that  the  impulse  response  of  this  filter  is 

hW  =  amc(^)^‘n(i^)  (74) 

where  amc(i)  =  s,n(x)/x.  The  impulse  response  is  truncated  to  maintain  causality. 
The  nulling  performance  of  the  adaptive  array  is  expected  to  deteriorate  as  the  in¬ 
terference  bandwidth  is  increased.  The  filtered  signal  generated  using  this  algorithm 
can  be  presented  directly  to  the  array  processor  (as  in  Figure  4)  or  transformed  into 
another  domain  using  FFT,  DCT,  or  wavelets  and  then  processed  as  in  Figure  5. 
Scenarios  similar  to  those  depicted  in  Figures  6,  7,  8,  and  9.  were  attempted  and 
the  bandwidth  performance  of  a  two  element  array  was  examined.  Arrays  with  5, 
6,  and  12  elements  were  also  examined  and  the  output  signal-to-(interference+noise) 
ratio  SINE  showed  no  evidence  of  any  change  in  the  bandwidth  performance  of  an 
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adaptive  array  despite  the  additional  computational  cost.  Figure  10  shows  the  band¬ 
width  performance  (SINR  versus  the  interference  arrival  angle  6{  which  is  directly 
related  to  frequency)  of  a  two  elements  array  with  64  tap  delays.  The  incorpora¬ 
tion  of  the  wavelet  transform,  DCT,  or  the  FFT  did  not  improve  the  bandwidth 
performance  of  the  array,  and  in  fact  the  nulling  capability  of  the  array  was  slightly 
diminished  upon  transforming  the  input  signal.  This  result  agrees  with  Compton’s 
work  [39]  which  claims  that  no  invertible  transformation  placed  between  the  incom¬ 
ing  signal  and  the  array  processor  would  improve  the  bandwidth  performance  of  the 
array.  Therefore,  wavelet  decomposition,  being  an  invertible  transformation,  did  not 
improve  the  nulling  power  of  an  array  as  the  interference  bandwidth  was  increased. 


V.  Conclusions  and  Future  Work 

Faster  adaptation  rates  can  be  achieved  by  inserting  a  wavelet  transformer  be¬ 
tween  the  incoming  signal  and  the  LMS  or  Applebaum  array  processors.  The  trans¬ 
formation  improves  the  condition  number  of  the  covariance  matrix  and  thus  improves 
the  convergence  rate  of  an  array.  The  weights  dynamic  range,  which  is  of  practical 
interest,  is  also  improved  because  of  wavelet  transformation  by  a  factor  directly  pro¬ 
portional  to  the  eigenvalues  of  the  wavelet  transformation  matrix.  The  learning  rate 
(or  adaptation  speed)  of  the  LMS  or  Applebaum  arrays  can  be  further  improved  by 
using  time  dependent  adaptation  parameter  fi  or  by  using  the  self  orthogonalization 
adaptation  approach.  Preliminary  studies  suggest  that  the  weight  convergence  rate 
can  be  significantly  improved  using  self  orthogonalization  with  moderate  increase  in 

computational  cost. 

The  incorporation  of  wavelet  transformation  in  an  adaptive  antenna  array  does 
not  enhance  the  array’s  capability  of  nulling  wideband  jamming  beyond  what  can  be 
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achieved  using  tap  delay  line  elements.  This  effect  of  wavelet  transform  on  the  nulling 
power  of  an  array  in  the  presence  of  wideband  jamming  requires  further  investigation 
assuming  different  signal  plus  interference  scenarios  and  different  wavelets. 

The  computational  cost  of  employing  wavelet  transformation  in  adaptive  arrays 
is  modest  and  compares  favorably  with  that  of  the  FFT  or  the  Cosine  transform. 

The  success  of  the  wavelet  transform  in  improving  the  convergence  rate  or  adapta¬ 
tion  speed  of  an  array  is  remarkable  and  deserves  much  further  attention.  An  optimal 
wavelet  suited  for  radar  signals  with  wideband  interference  and  multipath  jamming 
is  yet  to  be  developed.  A  theoretical  assessment  of  the  underlying  reasons  for  such 
an  improvement  in  the  convergence  rate  of  adaptive  arrays  is  yet  to  developed. 
Acknowledgements:  The  author  wishes  to  thank  the  Air  Force  Office  of  Naval  Re¬ 
search  for  supporting  this  project.  The  author  acknowledges  and  appreciates  the 
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Abstract- 

SffeCt  °£  “  £riCti°nal  i-cerface  on  the  response  ot  a  unidirec- 

:::iL::iri;hrtrixc°"posite  ^  * — — *~u.  a„;a 

9e  13  EtUdled‘  Tke  geometry  of  the  composite  is 
axLlT  e  Y  *  COnCentri°  CyUnd“  — 1  ”ith  “  -nuler  crash  in  Z 
frictionT  thS  matrlX'  The  £lb6r-"atki;‘  interface  follows  the  Coulomb 

Condi  Ions  "he  ^  “*  ^  interface  continuity 

ditions,  the  solution  rs  obtained  in  terms  of  coupled  inteoral  and 
linear  equations,  and  inequality  conditions. 

The  extent  of  the  interfacial  damage  and  the  stress  fields  in  the 
fiber  and  the  matrix  along  the  interface  are  studied  for  a  SiC/CAS 

n™  ^iT  f°r  "  C°effiCient  °f  —ture  chan" 

remote  uniform  axial  strain.  These  results  are  also  compared  with  a 
shear  lag  analysis  model  for  identical  geometry  and  loading. 
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MICROMECHANICS  OF  MATRIX  CRACKING 
IN  BRITTLE  MATRIX  COMPOSITES 


Autar  K.  Kaw 

INTRODUCTION 

matrix  composites  are  becoming  attractive  as  load  bearing 
structures  for  high  temperature  and  corrosive  atmosphere  applications. 
Although  these  composites  have  higher  ultimate  strength  and  strain than 
monolithic  ceramics,  matrix  cracking  followed  by  interfacial  failure 
still  a  critical  issue  in  their  use. 

consider  a  unidirectional  ceramic  composite  subjected  to  an  axial 
strain  along  the  fiber  direction.  The  cracks  will  first  develop  in  the 
matrix  due  to  its  lower  failure  strain  than  that  of  the  fiber 
matrix  crack  reaches  the  interface  of  the  fiber  and  the  matrix, 
interface  may  open  or  slip.  This  cpening/slipping  of  the  interface  blunts 
the  crack,  and  slows  and  arrests  the  propagation  of  the  crack.  Although 
this  blunting  of  the  crack  increases  the  fracture  toughness  of  the 
composite,  the  damage  in  the  interface  reduces  the  axial  compressive  a 
transverse  strength  of  the  composite  (steif,  1984)  .  Because  of  these  con¬ 
flicting  effects  of  interfacial  damage,  it  becomes  important  to  fully 
understand  the  mechanics  of  matrix  fracture  in  ceramic  matrix  composites 
as  a  function  of  material,  geometrical  and  loading  parameters. 

Axisymmetric  three  dimensional  failure  mechanics  models,  which 
account  for  all  equations  of  elasticity  as  well  as  assume  an  l»P«fe=t 
interface,  for  the  fracture  in  ceramic  matrix  composites  are  reported 
the  literature.  These  include  the  work  of  wij  eyewickrema  and  Keer 

(1993),  Kaw  and  Pagano  (1993),  and  Schweitert  and  Steif  (1991) . - 

interface  in  all  the  above  three  studies  is  modeled  differently. 

Wij eyewickrema  and  Keer  (1993)  solved  the  problem  of  a  composite 
cylinder  made  of  a  solid  cylinder  (fiber)  bonded  to  a  surrounding  hollow 
cylinder  (matrix)  of  finite  outer  radius.  An  annular  crack  was  assumed  i 
the  matrix.  The  composite  cylinder  was  subjected  to  a  remo  e 
tensile  strain.  The  interface  included  a  slip  tone  and  was ~e  t° 
have  a  constant  shear  stress  equal  to  the  shear  strength  of  the  interfa. 
This  is  a  fairly  valid  assumption  when  the  interfacia 
coefficient  is  small  (Aksel,  Hui  and  Lagoudas,  1991). 

Kaw  and  Pagano  (1993)  solved  for  the  same  composite  as 

Wij eyewickrema  and  Keer  (1993).  Kaw  and  Pagano  (1993)  included 
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imperfect  interface  in  the  composite  cylinder  model  but  by  approximate 
the  interface  hy  distributed  shear  springs  of  constant  stLZeL™“r 
model  also  included  the  effects  of  temperature  change. 

studi.sS°hKeit!rt  ^  StSi£  (1991’  "  Si"ilar  9eometry  as  the  above  two 

::::::  pirst' the  outer  radius  °£  ~ 
_  ,  •  Second'  a  penny  shaped  crack  was  assumed  in  the 

(solid  cylinder)  in^^pa^  x:  .  _ 

cylinder)  Thev  **  CraC*  in  the  "atrix  (hollow 

9  '  .  They  approximated  the  interface  by  the  Coulomb  friction  law 

The  composite  geometry  was  subjected  to  a  pressure  on  the  crac“ale 

crack  s^acT"  C°mPreSSiVe  radial  stress‘  pressure  on  the 

remote  unif  '  Y  rePresented  the  matrix  axial  stresses  due  to  a 

rm  axial  strain.  The  remote  radial  stress  represented 
resi  ua  stresses  due  to  the  mismatch  of  the  linear  coefficients  of 

matrix  eXPanS1°n  COefficient  *nd  the  Poisson- s  ratio  of  the  fiber  and  the 

Steif-r^r  StUdy'  SSVeral  aSSUmpti°ns  in  Schweitert  and 

steif  s  (1991)  model  are  relaxed  as  follows. 

The  dilute  fiber  volume  fraction  assumption  is  replaced 

by  a  nondilute  fiber  volume  fraction. 

The  fiber  crack  is  replaced  by  an  annular  matrix  crack. 

Also,  the  annular  crack  does  not  necessarily  have  to  be 
a  through  crack,  it  can  be  internal,  edge  and/or 
touching  the  interface. 

The  stresses  due  to  the  thermal  expansion  mismatch  of 

the  fiber  and  the  matrix  can  be  directly  accounted  in 
the  model . 


°f  matlr^l  aSSUmptions  all°”  of  the  combiued  effect 

f  ,r  ni°al  l0adin3  ^  9e°"at“=al  Parameters.  In  the 

:o“er °f  tha modai- Tha —  °£ 

coefficients  ,  .  th‘  frPar-matrrx  interface,  and  the  linear 

interfacial  d  "  aXP*nBi°n  °f  the  fi*>ar/matrix  on  the  extent  of 

the  a  •  9e'  Stress  dlstribution  at  the  interface,  under  a 

rmomechanical  load  are  studied.  These  results  are  compared  with  an 

modiriTt  "T1  f°r  “  identical  9eOXaEry  and  loading.  The  approximate 
ordLt  f  aXlal  StraSSaS  bein9  iP^pendent  of  the  radial  co¬ 

model.  S1”1  at  ^  G“  “d  M“5°n=n'S  119521  radially  constrained  matrix 
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METHOD  OF  ANALYSIS 

Geometry  , 

The  geometry  of  the  composite  cylinder  consists  of  an  infinitely 

long  fiber  bonded  to  an  annular  matrix  of  finite  outer  radius  (Figure  1)  . 
This  geometry  approximates  a  representative  volume  element  (RVE)  of  a 
composite  in  a  double  hexagonal  array.  The  cylindrical  coordinates  are 
denoted  by  r,  9  and  z,  and  ur  and  uz  are  the  radial  and  axial 
displacements,  respectively.  The  normal  and  shear  stresses  are  denoted  by 
arr,  ffee,  and  arz.  The  indices  0  and  1  stand  for  the  fiber  and  the 

matrix,  respectively. 

The  fiber  is  approximated  by  a  linearly  elastic,  isotropic, 
homogeneous  and  infinitely  long  solid  cylinder  of  radius  a,  shear  modulus 
u  Poisson's  ratio  uflf  Young's  modulus  E0=2 (l+u0)  p0,  and  linear  coefficient 
of  thermal  expansion  a0.  The  matrix  is  approximated  by  a  linearly  elastic, 
isotropic,  homogeneous  and  infinitely  long  annular  cylinder  of  inner 
radius  a  and  outer  radius  c,  shear  modulus  ,  Poisson's  ratio  wlf  Young's 
modulus,  EX  =  2(1  +ul)Ml  and  linear  coefficient  of  thermal  expansion, 

An  annular  crack  of  length  'e-d'  (aSd<eSc)  in  the  z=G  plane,  at  a  distance 
of  'd-a'  from  the  interface  is  assumed  in  the  matrix.  The  fi  er  vo  ume 

fraction  is  V£=a2/c2. 

Rnundarv  and  Continuity  Conditions 

The  composite  cylinder  is  subjected  to  a  monotonically  increasing 

axial  remote  strain,  e0  on  the  ends  plus  a  constant  temperature  change,  AT. 

The  imperfect  interface  between  the  fiber  and  the  matrix  follows  the 
Coulomb  friction  law  and  may  have  open,  slip  and  stick  zones. 

The  length  of  the  open  zone  is  'z,',  while  the  length  of  the  slip 
zone  is  'z2-Zl'.  The  kinetic  and  static  friction  coefficients  are 
considered  to  be  equal.  The  friction  coefficient  'P'  «  assumed  to 

constant  in  the  slip  zone.  The  superscripts  '0'  and  denote  the  fiber 

and  the  matrix,  respectively.  The  continuity  conditions  at  the  interface 

between  the  fiber  and  the  matrix  at  r=a  are,  hence,  given  by 

i  i  ,  (l.a) 

o°ri(a,z)  =  o\z(a,  z)  ,  0s|z|<~, 

,  ,  .  (1 -b) 

o°z(a,z)  =  ozz(a,  z)  ,  0*|z|<~. 


Also,  at  the  interface  (r.a)  between  the  fiber  and  the  matrix,  the  zones 
are  governed  by 
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Open  zon<=> 

The  crack  surfaces  are  traction  free  as  given  by 
(a,  z)  =  0 ,  Osjz|sz1( 
arr  (a,  z)  =0,  0s|z|szi; 

constrained  by  the  crack  is  open 

ur(a,  z)  -ur  (a,  z)  >0,  0s|z|<z1, 

Slip  zone 

Radial  contact  is  maintained 

ur  (a,  z)  =  (a,  z)  ,  zx s  j  z |  sz2 , 


(2. a) 

(2 .  b) 


(2  .  c) 


(2.d) 


«  the  —  —  ~  - 


0arAa,z)--p  cr°r(a,  z)  ,  zlS  I  z|  SZ2, 


(2 .  e) 


■  .  b  positive  dissipation  of  energy  in  the  slip  zone 

implying  the  direction  of  the  shear  ^  .  P  Z°ne 

shear  stress  and  increment  in  axial  slip  as 

(a, *)->■;(«,*)])  (•,»)]  (2.f) 

The  variable  't-  is  a  time-like  parameter  and  is  assumed  te  increase 

e  raaial  stress  is  compressive 

0,  Zi<|z|<2j.  (2.3) 


Stick  zone 

The  radial  and  axial  displacements  are  continuous  at  the  interface 

_ i ,  _  ,  ,  , 


ur(a,  z) -uz{a,  z)  ,  z2sjz|«x>, 
uz  (a,  z)  =  uz  (a,  z)  ,  z2  s|z|<«>. 


(2 .  h) 


constrained  by  the  radial  stress  is  compressive 

ff?r(a,z)<o,  z2  s  |  z  |  <  oo ,  {2>jj 

»d^the  absolute  value  of  the  shear  stress  is  such  that  it  does  not  allow 
\ff0rz(a,z)  \  <-p  a°r(a,z)  ,  z2<|z|<co,  (2-k) 
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The  boundary  conditions  at  the  matrix  edge  r=c  are  given  by 


ul{c,z)  =  ulT[c,z)  +  u?{c,z)  ,  0*|z|<~, 


a\z{c,z)  =  0,  0  ^  |  z  |  “/ 

where  urir  is  the  radial  displacement  in  the  uncracked  composite  due  to 
a  temperature  change,  AT;  u“  is  the  radial  displacement  in  the  uncracked 
composite  due  to  a  remote  axial  strain,  e.  (Kaw  and  Pagano,  1993;  see  their 
Appendix  A  and  B) . 

The  boundary  condition  (3)  results  in  the  slope  of  the  crack 
surface  flu*  (r,  0)  /5r|r=e  equal  to  zero  for  the  edge  crack  problem 

(e=c) .  Also  at  the  edge  r=c,  far  away  from  the  crack  plane,  the  radial 
stress  becomes  zero. 

The  shear  stress  in  the  composite  cylinder  at  the  crack  plane  z.O  is 

if  _  \ 


o°2(r,  0)  =  0 ,  r<,a, 


(5. a) 


o\z{r,  0)  =  0 ,a^c. 

The  other  boundary  conditions  at  the  crack  plane  z-0  are 
u“(r, 0)  =  0 , r^a, 
u2  (r,  0)  =  0 ,  a<,r<d,  e<rzc, 
olJr,  0)  =  0 ,  d<r<e, 

constrained  by  the  transverse  crack  is  open  as 
uUr,  0)  >  0,  d<r<e. 


(5.b) 


(6 . a) 
(6.b) 
(6  .c) 


Formulation 


The  solution  for  the  above  problem  is  obtained  by  a  related  boundary 
element  method.  The  composite  cylinder  geometry  of  Figure  1  can  be  viewe 
as  two  auxiliary  bodies  as  shown  in  Figure  2. 
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s«rfa=r\£iT  fr6e  b°dY  dia9r™  ±S  th“  °f  “  SOlid  with  unknown 

that  of  z  ZT™  ^Che  ThS  £r«  «”*  is 

radius  r-b  ,b  a"  1  ° “  <*•  i-er 

„„  .  :  '  n  the  “"Ptsite  cylinder)  unknown  slope  of  the  crack 

r!Z9r.t  “  Z'°'  ^  ta!>m  bOUnd“y  °°“diti°“  on  the  outer 

<fiberr=\nTf  ““  £ieldS  °£  the  solid  cylind.,: 

For  til  hol]  ,  ”  “  °£  the  Unltn°”n  SUr£iCe  tractions  at  r-a. 

fieia  ,°"  °Y  lnder  l,natriItl  ■  the  complete  displacement  and  stress 

elds  can  also  be  found  in  terms  of  the  unknown  tractions  at  r-b  and  the 
unknown  slope  of  the  crack  opening  displacement  at  2,o.  Once  these  fieM 
equations  are  obtained,  the  continuity  and  boundary  conditions  ,l-„  ell 
be  applied  to  find  the  solution  in  terms  of  coupled  integral  and  1  nil! 
eguations  These  coupled  agnations  can  then  be  solved  numerically  to  fill 
the  s tress /displacement  field  in  the  entire  composite  geometry. 

Field  equations  for  the  solid  cvlin^r 

radius^!  dlSPla“"ent/stress  ^  *°r  »  axisymmetric  solid  cylinder  of 
us  a  ,  shear  modulus  p0,  Poisson's  ratio  v0  and  which  has  symmetry 
about  the  z=0  plane  with  boundary  stresses 


CTrr(a,Z)  =  S0  (z)  ,  0<Z<oo, 
ffrZ(a,z)  =  T0{z)  ,  0<z«x>, 


(8. a) 


(8.b) 


where  S„(z)  and  T.(.)  are  absolutely  integrable  in  (0,„),  is  given  by 
MUr.z)  =  If- [*,,(!,,)  k“i(r,s)J  Cossinizs)  dsf“T0(t)  Sln(sc)  dt 

Jo 


+  71  io  T°  (  ^  dtf0  k“i  (Z'S)  Cos  sin  (zs)  Sin 


(st)  ds 


2  r°° 

+  It  Jo  [kl i(r,s)  -  k2iU,s)]  Cossin(zs)  dsjjs0(t)  Cos(st)  dt 
+  H Io  s°(t)  dtf0  k2i(r,s)  Cossin(zs)  Cos(st)  ds,  i  =  i,  .  .  ,/6, 


where 


Mi  -  Radial  displacement,  ur(r,z), 
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M2  =  Axial  displacement,  uz(r,z), 

M3  =  Radial  stress,  orr(r,z), 

M4  =  Axial  stress,  ffz2(r,z), 

M5  =  Shear  stress,  ffrz{r,z), 

M6  =  Hoop  stress,  ffM(r,z), 

and  Cossin  (zs)  =  Cos  (zs) ,  if  i  =  1/  3'  4'  6 

=  Sin  (zs) ,  if  i  =  2,  5. 

The  expressions  for  ku  and  k2i  are  given  by 


kt.=  I  E^(r,s)  1=1,2  and  i=l,2,3,4,5, 

j=1 

fj(  =  [a]^2  [y]  2x2  -J=1'2  and  i=1'2- 


(10) 

(11) 


a..  =  l1{as) 


a12  =  as  l0(as)  +  2(l-v0)  Xi(as) 


(12) 


o21  =  -I’d  (as)  +  (as)  /  (as) 


a22  =  (2v0-l)^o(as)  -  (as)Ji(as) 


Y  = 

s3 


1  0 
0  lj 


-r )s  E  =  -_i_s2  rs  J0(r s)  e'la'r)s, 

12  2^o 


E,,  =  -_i_s2  I1(rs)e^a-r>s,E] 

11  2m0 

=  _i_s2l0  (rs)  e'<a_rls,  E22  =  -i-s2  [4  (l-v0)  J0  (rs)  +rsl!  (rs)  ]  e 

21  2fi0 


(a-r)  s 


E31  =  s3  [-I0  (rs)  +JX  (rs)  /rs]  e-<a-r)s,  E32 


=  s3  [(2v0-l)  Jo  (rs)  -  rs!].  (rs)  ]  e 

(a-r)s  (13) 


(a-r)  a 


E41  =  SJ 


3  I0  (rs)  e'(a'r)s,  E42  =  s3[2(2-^0)  J0(rs)  +  rslj.(rs)]e 


E  =  s3Ji  (rs)  e'(a'r)s,  E52  =  s3CrsI0(rs)  +  2  (1- v0)  Xx  (rs)  ]  e 


-  (a-r)  s 


I,  (x)  =  e'xXi  (x)  . 


(14) 


where  xt(x) ,  i=0,l  is  the  hyperbolic  Bessel's  function. 


22-  9 


.::,:zrrr  T:„r  ru“  ~ 

izT:i;zTtrv‘  fr  <E^tion  (9,)  z 

integrals  to  srngle  integrals  with  a  judicious  choice  of  the 
unknown  traction  functions  s.  and  T.,  and  also  by  reducing  the  k  -  as  I 
product  of  e— ■  and  simple  polynomials  of  «s,  (some  k„-  for  dlsplaLLs 

-  —  “  -  ™  -ms  Z 


using  the  k“'  T”  "*  *«  In  dosed  form  as  sew  by 

ing  the  asymptotic  expansion  for  !,(*>  for  large  values  of  as 

(Abramowitz  and  Stegun,  1970;  Page  377) 


(*)  =  (l 


5-1  +  (6-1)  (6-9) 
8x  2(8x)2 


V^2t rx 


,i  =  0,1,2,  6=4i: 


Field  equations  for  the  hollow  cylinder 


inner  radus  h  “  *XiS^tric  hollow  cylinder  of 

sZer  !  ’  “  radlUS  'C''  Sh“r  m0tiulU3  ft'  Poisson's  ratio  „ 

symmetric  about  the  2,o  plane  with  boundary  conditions 
1 


(i>,Z)  =  SX{Z)  ,  OSZ<00, 
azz(b'Z)  =  T1(z)  ,  0^z<oo, 


(16. a) 


(16. b) 


ur  (c,  z)  —  0,  0^z<°°, 
arz(^/2')  =  0,  0:£Z<'», 


(16. c) 


(16. d) 


1-Vl  (r'  0)  -  4>  (r)  ,  d<r<e, 


(16. e) 


uz(r,o)  =  o,  b<r<d,  e<r<c, 


(16. f) 


Ilr:raSbi:,i„*Td,I;(area:ivetry1Utely  *“  «">  ^  * 
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Mj(r,z)  =  [Pii  (r,  s)  -pTi(r.s)]  Cossiii(zs)  ds />,(£)  Sin(st)dt 
Jo 

+  J“r1(t)  dtj“p“i(i,s)  Cossin(zs)  Sin(st)  ds 
+  J“s1(t)  dtj~P2i(r,s)  Cossin(zs)  Cos(st)  ds 

+  [“  [p2i (r,  s)  -  pZ(r,s)]  coasin(zs)  dsf~S1lt)  Cos(st)  dt 

Jo 

+  J"  e<j>  (t)  dtf  [p3i(r,s,  t)  -p^i(r,s,t) 

J°  -  p3i(r,s,  t)]  Cossin  ( zs)  ds 

+  [e$(t)dtr{[p£(r,s,t)  +  p3cnrls,t)]Cossin(zs)ds 
Jd  °  +  N1(x ,  t,  z) } ,  i  = 


where , 

p,  =  I  Fy(r,s)  gjt(s)  ,  f=l/2,3  and  i=l,2, 3 , 4, 5, 6 , 

j=l 

gj,  =  [/3]  4x4  [r]4x3  <  J  =1  >2,3,4  and  <=1,2,3. 


1 


0 


o  h3{s,t) 
1  h2{s,  t) 
0  h3{s,t) 

0  h4(s, t) 


P1X  =  Jx  (jbs)  e-{c-b)s, 

P12  =  [JbsTo(fcs)  +  2(1  -  vx)  XI (ds)]  e-(c-ws. 


P 13  =  , 

P14  =  -bs7C0(bs)  +  2(1  -  vx)  K,(hs)  , 


(17) 


(18) 

(11) 

(20) 

(21. a) 
(21. b) 

(21. c) 

(21. d) 
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021  -  [--To  (is)  +  litosj/tos)]  e-ic-b)*' 

022  =  “[(I  -  2Vj)  l^(bs)  +  bsl^(bs)]  e-(c-*>s, 
023  =  -[^(is)  +  K^ibs)  /  (bs)], 

024  =  (1  -  2vJ  Kq  (bs)  -  bslqibs)  , 

03i  =  -37 (cs)  , 

032  =  -csT^ (cs)  , 

033  =  K[ (cs)  e~(c  -  «»( 

034  =  csK^(cs)  e'(c‘i>>s, 

04i  =  31  (cs), 

042  =  csi;(cs )  +  2(1  -  Vl)  11  (cs)  , 

P43  =  -~K[(cs)  e~lc-b)s, 

044  =  [~cs K0  (cs)  +2(1-  vj  jq(cs)]  e~(c  -  w®, 

Fii  =  'y^trs)  e-s(c- r>, 

Fi2  =  rs~Q(xs)  e-s(c-  , 

^13  =  ~K[(rs)  esib  ~  r) , 

•^14  =  rsK^(rs)  s2es{b  ~  r> , 

F21  =  -|-ji137(rs)  e's(c  '  r> , 


(21. e) 
(21. f) 
(21. g) 

(21. h) 

(21. 1) 
(21. j) 
(21. k) 

(21.1) 

(21. m) 

(21. n) 

(21.o) 

(21. p) 

(22. a) 

(22. b) 

(22. c) 

(22. d) 

(22. e) 
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(22. f) 


F22  =  [4(1  -v,)  Jo  (rs)  +rsl1(rs)]e's(c-r), 
F23  =  T0{rs)  esib  '  r), 

F24  =  [rs^(rs)  -  4(1  -  vx)  Fq  (rs)  ]  es(i>  ‘  r) , 
F31  =  [-J^(rs)  +  T^rs)  /  rs]e-3ic-  z) , 

F32  =  [  (2jx0  -  DT0(rs)  -  rsTT(rs)]  e"'* '  z) . 
F33  =  [Fo(rs)  F,(rs)  /  (rs)  ]  es(i>'r), 

F34  =  [(1  -  2v1)TT0(rs)  -  rs^(rs)]  es(i>-r), 
F41  =  Iq  Us)  e's<c"  r) , 

F42  =  [2(2-vx)  J^(rs)  +  rsJl(rs)]  e-s(c-r>, 
F43  =  Fq  (rs)  es{b'z) , 

F44  =  [-2  (2-Vj)  Fg  (rs)  +  rs  F^  (rs)  ]  es(t '  r> , 
F51  =  17  (rs)  e-s(c  '  r> , 

F52  =  [rs  Ig  (rs)  +  2(1  -  v,)  J^rs)]  e-s(c  '  z) , 
F53  =  F^  (rs)  es(i>  '  r) , 

F54  =  [2(1-11,)  iq(rs)  -  rsFg(rs)]  es(b- r). 


.  =  2|^(1 _ ^-F4,  +  vx(F3i  +  F4j),  j  =  1,2, 3, 4, 


(22. g) 

(22 .h) 

(22. 1) 

(22.  j) 

(22. k) 

(22.1) 

(22 .m) 

(22. n) 

(22.o) 

(22. p) 

(22. q) 

(22. r) 

(22. s) 

(22. t) 

(22. u) 


fT(x)  =  (x)  , 


(23) 
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where  K±  (x)  ,  i=o,i 


are  the  Bessel's 


functions  of  second  kind. 


^{r)  ~  1TTT  -§ZM2{r'0)  '  d<r<e, 

h1(t,s)=-s  [bsl0  ( bs )  Kx  ( ts)  -  tsl1  ( bs )  K0  ( ts)  ]e- «=-«*, 


•^2  ( fc»  s)  =  -s  [  tsJ0  (bs)  K0  ( ts)  +  J0  [bs)  ( ts)  -  *1,  (bs)  K0  ( ts) 
-[hs+ - I^~]I1(bs)K1(ts)]  e~u~b)s, 

h3(t,s)=-s[-tsl0(  ts)  Kl(cs)  .csj,  ( ts)  K0  (cs)  +2  (l-j>  )  I  ( ts) 

(cs)  ]  e*(c-t,s. 


( t,  s)  =-s  [- tsj0  ( ts)  Kl(cs )  -  csX,  ( ts)  k0  (cs)]e'(c't,s, 
N3(r,t,z)  =  t  [  (1-2VJ  J^-zJ^]  , 


(r,  t,  z) 


-  t  [2(l-v1)l00+zj10] 


(1-^) 

Mi 


(r,  t,  z)  =  t  [J01-zJ02  -  (1~2yi>  j 


w,  t,  z)  -  t  [i01  +  z  jo2]  ( 2>0, 
=  m(r,  t)  -l  +  m(r,  t) 
t--r  t+r 


^(r,  t)  =  E(^)  ,  r<t; 

t2 


=  ~E(1) 
t  r 


3=EfLjc(T)'r>t' 


W5  (r,  t,  z)  =  tzJ12, 


Ns(r,t,z)  =  t  [JilJlilj  - 


Z 

"F 


-  X„  +  2vJ  , 


(24) 
(25. a) 

(25. b) 

(25. c) 

(25. d) 

(26. a) 

(26. b) 

(26. c) 

(26. d) 

(26. e) 

(26. f) 

(26. g) 
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(27) 


I 


ij 


00 


Ji(rp) 


dp. 


Equation  (17)  has  been  obtained  by  using  the  expression  given  for 
stresses  and  displacements  in  an  infinite  isotropic  hollow  cylinder  (Ero 
and  Erdogan,  1978)  and  applying  boundary  conditions  given  y  ' 

integrals  in  equation  (27)  can  be  simplified  in  terms  of  the  elliptic 
integrals  of  first,  second  and  third  kind.  The  pti  are  eva  ua  e  y 
finding  pa  as  s^>  by  using  the  asymptotic  expansion  for  I,  (x)  as  given 
by  equation  (18)  and  K,  (x)  for  large  values  of  x  as  (Abramowitz  and 

Stegun,  1970,  page  377) . 


K^x) 


il  +  5-±  + 


8x 


(5-1)  (5-9)  + 

2  (8x)  2 


=  0,1,6  =  4  i: 


(28) 


The  p3i7  and  p3T  are  asymptotic  values  of  p3l(r,s~°°)  as  r-b  and  r  c, 
respectively. 

The  above  stress  and  displacement  field  equations  (9)  and  (17)  for 
the  solid  and  hollow  cylinder  are  restricted  by  the  condition  of  absolute 
integrability  of  the  tractions.  These  field  equations  cannot  hence 
directly  represent  non-vanishing  stresses  due  to  temperature  change  and 
remote  uniform  strain  as  However,  the  stresses  as  X-  are 

independent  of  the  matrix  and  interfacial  damage,  and  are  the  stresses  and 
displacements  due  to  the  temperature  change  and  remote  J«ain  in  t 
undamaged  composite  cylinder.  Hence,  the  complete  stress  and  drsplacem 
field  of  the  solid  and  the  hollow  cylinder  in  the  presence  of  a 
temperature  change  and  remote  uniform  strain  in  the  composite  cylinder  is 

given  by 


ul  (r,  z) 

=  Ml  (r,  z)  +  uf(r,z)  +uje(r,z). 

j= 0,1, 

(29. a) 

ui  (r,  z) 

=  M|(r,  z)  +u iT(r,z)  +u l*(r,z), 

Ui. 

II 

o 

H 

(29. b) 

alrir,  z) 

=  M3  (IT,  z)  +  CFrr(ri  z )  +  ffrr(r'  2 I  ' 

Uj. 

II 

O 

H 

(29. c) 

cjzz{r,  z) 

=  Ml(r,z)  +  criz(r,  z)  +  ajz(r,  z). 

j=0,l. 

(29. d) 
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o{Ar,z)  =  Mi(r,  z)  ,  j  =  o,i, 

vJee  (r,  z)  =  M/(r,z)  +  dUr,  z)  +  diir.  z)  ,  j=0,l. 


(29. e) 


(29. f) 


In  the  above  equations  (29)  ,  the  second  and  third  terms  on  the 

:r;r;;rn  d?la“ due  to  the 

composite  cylinder  and  are  given  in  L,  anTp.Pff  ,f ^ffth^ 

Appendices  A  and  B,  .  The  supers=ript  ' T'  corresponds to  the  effect  “ 

-peratnre  change,  4T;  the  superscript  ...  corresponds  to  the  effect  o 
the  axial  remote  tensile  strain  6  errect  of 

9ive  ““tt t  cm ba appuea to 

potions,  These  actions  can  “he  ^  ^  “ 

rr„:“L Tha  — - «- — 

NUMERICAL  scheme 

edge  “  dlSCUSSed  <*  “*  i-ter^l 

foP  th.  “  9  "  <■»>■.  e.=)  .  The  changes  retired 

section  "erlCil  SChe“  *“  «“!»  «  the  end  of  this 

Internal  edge  crack  fd>a.  e=rM 

The  application  of  the  boundary  and  continuity  conditions  as  aiven 

Z  ~n:  (id7)hshouid  give  the  vaiues  °f  the  — ce  ressesg 

This  done'”  foli^  ^  ^  °Pening  d±Splacement  Action,  0. 

T  r  ahat  thS  rangS  °f  °<Z<“  iS  divided  into  n  unequal  segments 

°  =ti,\  iZ'  °*<z<a*«  i=1'2  •  .  .  .n  -l, 

-  BJz  ,  un<z<co,  (30. a) 


S0(z)  =  Ci  +  D.z,  w.<z<w.tl,  i=  1,2 

-  I^n/^3/  CO  <Z<00. 


.  .n  -  l. 


(30. b) 


Tl{z)  -  Pi  +  Q.z,  CJi<Z<6)i+I,  i=l ,  2 
-  0n/z3,  0)n<z<oo, 


.  .n-  l. 


(30. c) 
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S1(z)  =  R±  +  SjZ,  wi<z< oiitll  i=l,2  .  .  .  .n  1, 
=  Sjz\  un<z<  oo. 


(30. d) 


Further  assume  that  the  range  (d,e)  of  the  crack  is  divided  into  m 
unequal  segments  such  that  r1=d  and  rm+1=e,  and 


4>{r)  =  (Ui+V^r)  w(r)  ,  i-1,2, 


,m. 


(31. a) 


where 


w(i)  = 


(31. b) 


v/r-d 


is  the  weight  function  denoting  the  singularity  of  the  slope  of  the  crack 
opening  displacement  at  the  crack  tip  (r.d) .  The  problem,  hence,  reduces 
to  finding  the  values  of  the  constants  A,,  B,,  c,,  D,,  P,,  Qi,  Ki,  Si.  an 
V±  in  equations  (30)  and  (31) . 

Substituting  the  expressions  for  the  tractions  and  slope  given  by 
equations  (30)  and  (31)  in  equations  (9)  and  (17) ,  the  radial  and  axis 
displacement  at  the  interface  (r-a)  in  the  two  bodies  0  and  1,  and  the 
axial  stress  in  body  1  on  the  z=0  plane  can  be  written  as 


u°  (a,  z)  =  S^AiXil(z)  +  2BLXi2{z)  +  iCiXukz)  +  2^DiXu(z)  , 


(32. a) 


u°(a,z)  =  SAAtz)  +  pB.X^iz)  +”sc^i7(z)  +  VD&'iz). 

i= 1  2=1  1 


(32. b) 


u\{b,z)  =  °2PiYil{z)  +  2  01* r12(z)  +  2R1Yi3[z)  +  ^iS1Y14(z) 
1  =  1  2=1  1-± 

+  S  Yls(z)  +  a  VjYiglz)  , 


(32. c) 


ul(b,z)  =  a .PiY^iz)  +  .a  Q.Y^z)  +  .a  r±y19{z)  +  .s  ^Wz)  (32-d) 


+  a  uiYill{z)  +  a  v±Yilz{z) , 

i= 1  i=1 
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°"<r' 0>  'AP‘Z»M  ♦  2S,ZUU) 

*  S^t2! s<r)  *  I|1viZi«(r),  <32'e> 

where  xlf  and  Yu  are  functions  of  z,  and  zv  is  a  function  of  r. 

into  .rjrrr- z°ne  io<z<“>  ^ the  —  «*«.>  ^ 

interface  and  the^T'  ’reSPe°tiVely'  Th»se  “9"«h  Points  along  the 
interface  and  the  crack  surface  are  chosen  as 


1— 

Z1 

{  no *, 

2  ' 

fill 

(z2-Zi) 

l  ns*) 

2 

(  i~1 ' 

(z3-z2) 

{ nt”) 

i=l,  .  .  .  ,n0, 

■ ,  i=nQ+ 1,  . . . ,n0+ns, 
i=na+ns+ 1,  .  .  . ,n, 


(33. a) 


=  xlf  i= i,  .  .  ,ti 


(33. b) 


where 

Zl  ~  length  of  the  open  zone, 
z2  zi  -  length  of  the  slip  zone, 
z3  =  maximum  [n*+z2,  n*  (c-b) +z2]  , 

n'  .  a  number  chosen  large  enough  to  account  for  most  of  the  stress 
changes  along  the  interface, 

Xi  =  lth  r00t  of  the  mth  order  Legendre  polynomial. 

concentration  ^o^06  ^  P°intS  in  equations  (33)  allows  a 

entration  of  segments  near  the  transition  points,  such  as,  at  the  end 

n  „  "a  ^  at  tlp-  Tha  — t. 

of  the  intent  13  *  nUmbSr  °£  Se9"enCS  in  the  °Pe».  »lip  and  stick  zones 

interface^raa.33  is  reSPeCtlVelP-  —  ““  — «  -*  -gments  at  the 

n  =  n0  +  ns  +  nt. 


al°n9  thS  interfaCe  ^  the  CraCk  ^th  are  chosen 
the  middle  of  the  segment  points  as 
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Q,  =  (oij  +  oj1+1) /2 ,  i-1,  .  .  .  ,n, 


(35. a) 


Ci 


(i|»i  +  ti+i)  / 2' 


i=l, . . . ,m. 


(35. b) 


There  are  (8n-4+2m)  unknowns  and  one  needs  to  set  up  the  same  number 
of  equations.  These  are  generated  as  follows 
1. 


The  interface  shear  stresses  T0  and  Tx,  the  interface  normal  stresses 
s„  aid  s„  and  the  crack  slope  function,  G(r)  are  continuous  at  all 
points  include  the  segment  points  which  give  (2n+m-3) 


points.  These 
equations . 

Continuity  of  shear  tractions  along  the  interface  at  segment  points 


gives 

A±  +  B1  coi+1  =  Ai+1  +  Si+1wi+1,  i  =  l,  •  ■  ■  ,n-2, 


(36. a) 

(36. b) 


An-1  +  Bn-lMn  =  Bn/“>n- 

Continuity  of  normal  tractions  along  the  interface  at  segment  points  co, 

(36. c) 


gives 

C1  +  =  Ci+1  +  i,  i-1 1  ■  ■  ■  ,n-2, 


(36. d) 


Cn-!  +  Bn- =  Dn/<*n' 

Continuity  of  slope  functions  *(r>  along  the  transverse  crack  at 
segment  points  tyi  gives 
Ui  +  V^iel  =  1  +  i  =  l,  •  ■  •  /in-1  . 


(36. e) 


2. 


The  continuity  conditions  (1) 
(r=a)  give  (4n-2)  equations 


=  Pi- 

C±  =  Ri, 

i=l,  .  . 

,  . ,n-l. 

=  Q±i 

Dt  =  Sir 

II 

.  .  ,n. 

of  shear  and  normal  tractions  at 

(37. a) 

(37. b) 


3. 


j  ■  i_  u  —  m  fo  a  \  nf  zero  shear  stress  gives  (n0) 
The  open  zone  condition  (2.  a)  or  zero 

equations  as 
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Ad  +  Bf  Q .  -  o,  i=l, .... ,n  . 


The  open  zone  condition  (2.b)  of  zero  normal  tractions  gives 
(n0)  equations  as 

C,  +  D.Q.  =  -[o°?(a,n.)  +  o°rer(a,Q.)]  ,  j  =  1 . n  . 


5.  The  Coulomb  friction 


gives  (ns)  equations  as 


law  in  the  slip 


zone  condition  (2.e) 


Ai+SiQ.  +  p  (Ci+DiQi)  =  -p  [o°f  (a,  flr)  +  o°®  (a,  Qi)  ]  ,  i=.no+i . (40) 

The  radial  displacement  continuity  conditions  (2.d)  and  (2.h)  in  the 

s  ip  and  stick  zone  gives  (ns  +  nt)  equations  from  equations  (32. a) 
ana  (32 . c) ,  as 


gAiXulQj)  +  +  ?1C1Xi3(Qj)  +  Sfli 

1=1  J  i=i  1  - 


jiPi  ^  (  Q2}  "  hi2  (  Q.)  -  nXR.  Y.3  ( 


-SU.Y^iQ.)  -  ^ViYie(Q.)  =  0,  j=n0+l . . 


The  axial  displacement  continuity  condition  (2.i)  in  the  stick 
zone  gives  (nt)  equations  from  equations  (32. b)  and  (32. d)  as 

gAiXisMj)  +  gBiXulQj)  +  "fCi^i7(^)  +  p^D1Xl8(Qj) 

“i?1Pi^7(Q j)  -  ZQiYisiQj)  -^^,(0)  -  !Si7iJ0(Q.) 

i-x  i=l  J 


w  m 

=  o,  j=n0+ns+l . . 
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8. 


The  traction  free  crack 
from  equation  (32.e)  as 


surface  condition  (7)  gives  (m)  equations 


+  nTlR1Z13{tj)  +  ^SiZi4iC  j) 

=  -[olUCj.  0)  +  °zz(Cj<  0)  1  <  J  =  1 . 


(43) 


9. 


Since  uz(c,z)  is  a  constant  as 
the  crack  opening  displacement 

the  hollow  cylinder  is  zero, 
gives 


given  by  equation  (3) ,  the  slope  of 

— u  (r,0)  at  the  outer  edge  (r=e)  of 
dz  z 

From  equations  (24)  and  (31. a)  this 


U„  +  cvm=  0  . 


(44) 


The  stress  intensity  factor 


K  =  limy/2  (d-r)'o«(r,0) 
r-d- 


(SIF)  of  the  crack  tip  (r=d)  is  given  by 

(45. a) 


According  to  Gupta  (1973),  the  SIF  can  be  written  as 


*  =  2{l-vJlim^lirUT  -kul{T'0)  = 


r~d+ 


(45. b) 


The  total  number  of  equations  (36) -(44)  is  (8n  -  4  +  2m).  These  ar 
solved  simultaneously  to  oaloulate  the  unkno»n  functions,  one  can  then 
substitute  these  values  in  equation  (29)  to  find  the  displacements  and 
stresses  at  any  point  in  the  composite  cylinder. 


rrack  touching  the  si  inning  or  open  interface  (d-a,  e^cj 

The  following  steps  are  different  for  this  case  than  given  y 
equation  (30-44)  . 
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1. 


Since  the  crack  goes  through  the  axial  plane  z.o,  the  force 

the  axiai  d“-  -  -  —« 


-/°;,<a.r>  2th  dz  .  [e"(r,«)  to  Sir,.)]  «<c  !-*>)  =  a 


(46. a) 


Substituting  equation  (30. c)  in  equation  (46. a), 
2  2*b(o,tl-u,Uj.  +  V  TCb(0>jtl-C0§)fl.  +  _A_S 

J  =  1  J  J  ~  2  n 


we  get 


(46. b) 


(CTzz(-T,  °°)  +0^(z,  <»)  7i  (c2-b2) 

The  n“  equation  of  equation  (42)  is  replaced  by  equation  <46.b). 

:;el;±9ht  flmCti°n  °f  (31-b»  *■  -  1  since  the  shear 

„  "  „SY,”etriC  “d  zer°  «  Ob.  z=0)  .  The  absence  of  any 

ngulanties  for  relevant  values  of  elastic  moduli  and  friction 

ZhlLClet  a  “tamiC  '"atr“  ““"Positss  is  discussed  by 

Schweitert  and  steif  <l9Si)  .  if  the  interface  is  open  at  s,o, 

ingu  arities  again  do  not  exist  in  the  slope  function  4,  (r)  (iu  and 
Erdogan,  1984). 

Since  the  hollow  cylinder  can  now  have  a  rigid  body  displacement  in 

replacedTtT'  “*  ^  <n'1’  e9Uiti°ns  °f  <«>  «e 

placed  by  the  continuity  of  the  axial  displacement  differences  at 

tne  1nts2rfa.ce  as 

u°(a,Q.)  -  uz°(a,Q,tl)  =  ul(a,Q.)  -  u^a.Q^)  ,  j= 1 . 77-! 

which  gives 


gA&slQj)  +  ^B1Xie(Qj)  +  j^C.x.7(  Q.)  +  p^D1Xls(Qj) 

-^CA,(OW  -^s(QJ+i) 
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(47) 


->71P1Y17(Q])  -  ^OiYu^j)  -  ?V»( Qj)  -  f  s1Yii0{^j) 

i  =  1  1  J  i=l  2  =  1 

-  S  UiY111(Clj)  ~  S  ViY^Qj) 

i=l  1=1 

+  +£*iy"{Q>1)  +  jfi5iri"(Q>l) 

i=l  1=1 

+  S  u.Y^id^)  +  S  vriyJI2(QJtl)  =o,  j"Wi . “-!■ 

i=l  2=^ 

i.  _  _  ■;  =  exactly  zero  and  is  enforced  by 

4.  The  shear  stress  at  z  =  zx  is  exactly 

replacing  the  nch  equation  of  equation  (41)  as  x^b.zj  =  0, 

Vi  +  Wi  =  'p  [o^(a,“vi)  +  fl«(a'Vl!1 

For  the  above  case,  there  are  (8n  -  4  +  2m)  equations  and  equal 
number  of  unknowns.  This  system  of  linear  equations  is  solved  to  get  the 

unknowns . 

The  Input  remote  strain  e,  may  not  satisfy  all  the  inequality  and 

sign  conditions  (2.0.  (2.f>.  (2.g>.  •=»  <’>  ■  the  strain  £„ 

is  changed  iteratively  till  it  satisfies  all  the  inequality  condition^ 
It  is  quite  possible  that  a  small  range  of  strain  e„  may  satisfy  all  t 
equations  including  the  inequality  conditions.  The  correct  t.  is  selected 
by  the  unique  value  where  the  shear  stress  at  the  slip-stick  transition 
(z=z2)  is  smooth,  that  is 

-A^z(a,z)  |Zz_  =  -^x \z(a,z)  |v. 


Bn0*ns  Bn0*ns*l  • 

This  smoothness  of  the  shear  stress  at  the  slip-stick  transition  is 
implied  by  the  asymptotic  analysis  of  Dundurs  and  comninou  (1929)  at  the 
slip-stick  transition  in  a  frictional  interface  between  two  dissimilar 

elastic  half -planes. 

rinsed  crack  in  the  matrix  (d  >  a,  e  <  cj 

The  following  steps  are  different  for  this  case  than  given  by 
equations  (30)  -  (44)  . 
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Equation  (44)  is  replaced  by  the  closed 
/S<j>(r)  dr  =  0, 

j  a 


crack  condition 


which  gives 


SMrT "u>  dI  *  Av‘V‘"rw,r  1  dI  ■  i-i . «, 


(50. b) 


where 


w(r)  = 


(50. c) 


Of  equations^  Z!'  Z"  *"  ^  ’  4  +  2""  “*  «  ^-1  number 

solved.  SyStem  °f  linear  aquations  can  be 

For  each  of  the  above  three  oases,  the  solution  can  be  substituted 
the  Zrix“  ^  9et  ^  S“eSS  “’,1  diSplac™“t  “eld  the  fiber  and 


intensive,  TTaZs  aZTTs  T  very 

calculation  of  th  ?  CPU  time  “  a  IBM  3090  «>«l*«r  for 

.  c  s  ip  lengths,  and  an  extra  15  hours  of  CPU  time  for 

geometry10^  Z  °rltlCa:l  StreSSe3/displi“=e»ents  in  the  composite 
geometry.  Hence,  limited  results  are  being  presented  in  this  paper. 

"*  haVe’  h°wever'  take-*  advantage  of  the  method  described  in  this 

d  f  IrZ  r6Utl  t2e  results  to  solve  the  problem  f 

airrerent  remote  strain  e  *. 

i  0,  the  temperature  change,  AT,  friction 

coefficient,  P,  the  coefficients  of  thermal  expansion,  m.  and  a,  This 

xs  done  as  follows.  The  most  computationally  intensive  part  of  the 
computer  program  are  calculation  of  the  elements  of  equations  (32a-e)  at 

setup  the  ^  r111"3-  •  HOW8Ver'  °nCe  ^  ^  -  4  +  2m)  ^tions  are 
remo  e  strain,  e0,  the  temperature  change.  At,  friction 

cient,  P,  the  coefficients  of  thermal  expansion,  a0  and  ax  can  be 

coefficient  eqUati°nS’  These  Parameters  do  not  change  the 

matrix  elements  corresponding  to  equations  (32).  other 
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elements  of  the  coefficient  matrix  and  the  right  hand  sides,  which  do  need 
to  be  changed,  require  only  a  few  seconds  of  computational  time. 


RESULTS  AND  DISCUSSION 

The  numerical  scheme  presented  in  this  study  was  tested  as  follows. 
Extensive  convergence  studies  were  done  to  find  the  number  of  collocation 
points  to  be  used.  In  addition  to  numerical  tests  such  as  recovering 
applied  stresses  on  the  two  bodies,  comparisons  with  some  exact  mo  e  s 
were  also  made.  These  tests  included  comparing  the  stress  intensity 

factor  for  a  small  edge  crack  under  uniform  pressure,  p  which  is  p 
(Sneddon,  1951).  For  edge  cracks  comparable  to  the  thickness,  (c-b)  of 
the  hollow  cylinder  inside  the  matrix,  the  results  for  the  stresses  an 
the  stress  intensity  factors  matched  within  5%  with  an  independent 
computer  program  written  for  the  problem  solved  by  Wi jeyewickrema  and  Keer 
(1991)  using  numerical  methods  enumerated  by  Kaw  and  Pagano  (1993) . 

The  SiC/CAS  material  system  with  the  following  elastic  properties 
are  used  to  discuss  the  results . 

Silicon  Carbide  Fiber: 

E0  =  207  MPa 
v  0  =  0.25 

Calcium  Alumino  Silicate  Glass  Matrix: 

^  =  98  MPa 
\1  =  0.25 
V£  =  0.4. 

Only  cases  with  slip  and  no  open  zone  are  considered  in  this  study. 
This  is  because  for  cases  where  both  types  of  zones  are  possible  there 
are  two  variables,  the  length  of  the  open  zone  and  the  length  of  the  s  ip 
zone,  which  need  to  be  found  iteratively.  Finding  these  two  variables 
is  computationally  tractable  with  the  current  computer  program  but  wou 
require  prohibitive  amount  of  computational  time. 

Figure  3  shows  the  normalized  slip  length,  Ls/a  as  a  function  of  the 
ratio  of  the  matrix  axial  stress  to  interfacial  radial  pressure  (MS) , 

ARS-  [o£(r,  »>  (r,  -> )  /  l«"(a, »)  (a.  ">  > 

for  constant  coefficient  of  friction.  The  reason  for  choosing  the 
abscissa  as  the  ratio  of  the  stresses,  MS  is  because  any  combination  o 
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strain  “d  linear  <*  i 

same  .lip  length.  ratl°  ^  ”iU  -  the 

In  Figure  3,  the  slip  length  increases  linearly  with  the  stress 

tt;^vnr°rease  iineariy  with  the  — —  rf  :iz  ;::: 

th  S  1P  ngth  Was  alSO  fOUnd  {not  sho™>  to  be  a  linear  function  of 

e  remote  axial  strain  since  the  stress  o£(a,*)=o  for  equal  Poisson's 

ratio  of  the  fiber  and  the  matrix. 

strain111  itT-''  T  Val“e  RRS'1-SlS  “-esponds  to  zero  remote  axial 
strain.  .  it  is  important  to  note  that  at  this  value  of  ars,  the  interfaoe 

amage  is  assumed  to  have  already  taken  plane  only  due  to  the  residual 
tensile  stresses  in  the  matrix.  residual 

oh.  .  T*liP  len^ths  obtained  from  our  model  are  compared  with  those 
4  shows  th  USing  3  SqU1Valent  GU  and  ManSf°non  (1992)  type  model.  Figure 

(1.992)  tvn  6  °f  thS  SliP  1Sngths  obtained  from  Gu  and  Mangonon's 

US92)  type  model  and  the  present  model  as  a  function  of  the  stress  ratio 

APS  for  constant  coefficients  of  friction.  The  ratio  of  slip  length 

approaches  one  as  ARS  increases,  which  may  he  an  indication  that  for  Ze 

SUP  lengths,  the  predictions  from  th,  two  models  are  same. 

following  re^lTs"9  ^ionally  to  discuss  th, 

ao  =  3  •  5  x  10~05  m/m/°c 
“i  =  6.5  x  10"05  m/m/°c 

Ar=-iooo°c. 


the  ^  ”ain  aSSUmpti°nS  in  the  “<5  Mangonon-s  (1992)  model  are  that 
the  axial  stresses  «  ,r,  independent  of  the  radial  co-ordinate 

crlrpiale'  Tol00*9  "I  Fi9"r‘  £lb"  axial  *«==*.=  «  the 

ordinate  r/a  “  ?  “  *  fUbCtl°n  °£  the  -dial  co- 

nate,  r/a,  one  can  see  that  this  assumption  is  not  valid  The 

fir  22'  f  T'  remain  £airly  °°nStant  £at  <"»*  ‘he  interface  and 

s“p  rZdth  °raCk  Pl“5-  °ne  ”ay'  p°“t  tat  that  as  the 

definin'  the  Str“S  COTCant£ati°h  factor  in  the  fiber,  SCF 

SCF=MUa-,0)/o°zUr,oo)  (52) 
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decreases  and  may  be  an  indication  that  for  large  slip  lengths,  Gu  and 
Mangonon's  (1992)  model  and  the  present  model  give  similar  results. 

in  Figure  6,  the  interfacial  radial  and  shear  stresses  are  plotted 
as  a  function  of  the  normalized  axial  location,  z/a  for  constant  slip 
lengths  (or  constant  remote  axial  strain) .  The  radial  stress  increases 
rapidly  to  the  remote  radial  stress  at  the  interface.  Note  the  small 
effect  of  the  increasing  slip  length  (increasing  remote  strain)  on  the 

interfacial  radial  stresses. 


The  interfacial  shear  stress  in  the  slip  zone  follow  the  same 
pattern  as  the  radial  stresses,  since  they  are  linearly  related  in  the 
slip  zone.  At  the  end  of  the  slip  zone,  the  shear  stress  decays  rapidly 
to  zero.  Note  that  the  maximum  interfacial  shear  stress  does  not  change 
with  increasing  slip  length  (increasing  remote  strain) . 


The  conclusions  from  Figure  6  show  that  the  assumption  of  constant 
shear  stress  for  a  low  friction  coefficient  used  in  other  models 
(Wi j eyewickrama  and  Keer,  1993)  may  be  valid.  However,  one  should  note 
that  a  constant  shear  stress  assumption  gives  logarithmically  singu  ar 
fiber  axial  stresses  at  the  crack  tip,  (r-a-,z«0>,  while  the  Cou  o 
friction  law  gives  large  but  finite  fiber  axial  stresses  at  the  crack  tip. 


conclusions 

The  main  conclusions  of  this  study  made  for  a  typical  SiC/CAS  system 
under  a  negative  temperature  change  and  a  remote  axial  strain  are 

1.  The  length  of  the  slip  zone  increases  linearly  with  increasing 
remote  axial  strain  and  decreases  linearly  with  low 
coefficients  of  friction. 

2.  The  stress  concentration  factor  in  the  fiber  at  the  crack  tip 
decreases  with  an  increase  in  the  remote  axial  strain. 

3 .  The  interfacial  radial  and  shear  stresses  for  low  coefficients 
of  friction  are  nearly  independent  of  the  remote  axial  strain. 
Moreover,  these  stresses  are  fairly  constant  in  the  slip  zone. 
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Figure  1 . 
Composite 


:hematic  of  a  Representative  Volume  Element  of  a  Brittle  Matrix 
ith  Frictional  Interfaces  and  Matrix  Cracking 
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_  Remote  _Matrix_Axial_Stress. — 
Remote  Interfacial  Radial  Stress 


LdSTSiSf  toteSVerf'aS1!  s«asT£r° 

Coefficients  of  Friction. 


Slip  Length  /  Slip  Length 

3  Present 


0.75 


0.25 


-—Remote  JWatrix_Ax|aIJ5tress 
Remote  Interfacial  Radial  Stress 


Model6  at'  a^Func  °i on  1  of  St  0°/  Remo^  !Ja?gonon  T^e  Model  to  Present 
Interfacial  Radial  StressSS^tLSSoeffSnS^I  £££.? 
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Axial  Stress  in  Fiber,  c  (z=0)  GPa 


1 
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0.25 


0 


Distance  along  radius  of  fiber,  r/a 


Figure  5.  Fiber  Axial  Stresses  at  Crack  Plane  as  a 
Location  for  Constant  Slip  Lengths 


Function  of  Radial 
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\  N 


Normalized  Axial 


Figure  6.  Interfacial  Stresses  as 
for  Constant  Slip  Lengths. 
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ON  ThTT/gITq  /ErFFaECTtfD  °F  GRADED  AND  SETBACK  LAYERS 
ON  THE  AlGaAs/GaAs  HBT  CURRENT-VOLTAGE  CHARACTERISTICS 

J .  J .  Liou 
Associate  Professor 

T,  •  Electrical  &  Computer  Engineering  Deot 
niversity  of  Central  Florida,  Orlando,  FL  32816 

Abstract 

The  combined  effects  of  graded  and  setback  layers  and  w,,  on  the 

AlGaAs/GaAs  heterojunction  bipolar  transistor  (HBT,  d.o.  performance  are 
investigated,  and  an  analytical  model  which  can  describe  the  behavior  of  such 
HBTS  is  presented.  The  HBT  base  and  collector  currents  accounting  for  the 
variation  of  the  conduction  and  valence  bands  due  to  the  presence  of  „„  and  w, 
are  also  calculated.  It  is  shown  that  including  wG  and  w,  actually  degrades  the 
HBT  current  gain  «t  low  current  levels.  The  current  gain  at  high  current  levels, 
on  the  other  hand,  can  be  enhanced  if  w,  -  150  A  and  0  s  WG  s  300  A  or  w,  -  0  and 

G  00  A  are  used.  The  model  predictions  compare  favorably  with 
results  calculated  from  a  numerical  model. 
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j.  J.  Liou 

1.  INTRODUCTION 

The  superior  performance  of  the  AlGaAs/GaAs  heterojunction  bipolar 
transistor  (BBT)  results  directly  fro.  the  valence  band  discontinuity  AE„  at  the 
hetero-interface,  which  arises  fro.  the  wider  bandg.p  in  the  emitter  than  base 
U,  The  benefit  of  having  AEV  is  two-fold.  First,  it  allows  a  high  base  doprng 
concentration,  which  reduce,  the  base  series  resistance  and  thus  the  .....  •*-. 
and  transient  emitter  crowding,  while  maintaining  an  acceptable 
second,  because  of  the  high  base  doping  concentration,  the  base  region  can  be 
made  very  thin,  thus  reducing  the  base  transit  time  and  increasing  the  cutoff 

frequency  [2]. 

The  conduction  band  discontinuity  AEC  (spike)  at  the  hetero-interface,  on 
the  other  hand,  is  not  as  desirable  as  AEV.  This  is  because  the  splk 
necessitates  the  free  carriers  in  the  heterojunction  to  transport  by  means  of 
thermionic  and  tunneling  mechanisms  [3-4].  This  impedes  the  free-carner 
injection  from  the  emitter  to  base  and  decreases  the  collector  current.  The 
problem  is  often  overcome  by  inserting  a  thin  layer  (graded  layer)  before  the 
hetero-interface  in  the  which  the  A1  mole  fraction  is  graded  linearly  and/or  a 
thin  undoped  GaAs  layer  (setback  layer  or  spacer)  after  the  hetero-interface. 
The  junction  grading  will  lower  or  even  remove  the  spike,  and  thus  reducing  the 
importance  of  thermionic  and  tunneling  and  making  the  injection  more  efficient 
(5).  on  the  other  hand,  inserting  a  setback  layer  does  not  alter  the  spike,  but 
rather  decreases  the  barrier  potential  before  the  spike.  This  also  makes  the 
thermionic  and  tunneling  less  prominent  and  improves  the  injection  efficiency 
[61.  Another  advantage  of  the  setback  layer  is  that  it  can  prevent  impurity  out- 

diffusion  from  the  heavily  doped  base  to  emitter. 

Most  HBT  models  reported  in  the  literature  focus  on  the  graded  HBTs. 
Boundary  conditions  for  the  excess  carrier  concentrations  at  the  space-charge 
region  edges  of  the  graded  HBT  were  derived  by  Lundstrom  [7].  These  boundary 
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nditions  have  been  used  to  develop  the  thermionie-field-dif fusion  model 
including  both  thermionic  and  tunneling  mechanisms  [8],  A  detailed  analytic 
study  on  the  space-charge  region  recombination  current  derived  from  the  charge- 
control  approach  was  presented  [9,.  Numerical  solutions  to  the  current  transport 
m  the  graded  junction  are  also  available  f 10-11], 

Studies  on  the  effect  of  setback  layer  on  the  HBT  current  transport  have 
been  limited  in  the  past.  Such  an  effect  was  studied  analytically  in  [6,  by 
solving  the  Poisson  eguation  accounting  for  the  boundary  conditions  associated 
setback  layer.  A  numerical  model  reported  in  [12]  is  also  applicable, 
in  which  the  Poisson  and  continuity  equations  are  calculated  accounting  for  the 
nonuniform  spatial  band  distribution  as  well  as  carrier  degeneracy.  To  the  best 

of  our  knowledge,  an  analytical  HBT  model  which  treats  comprehensively  the  graded 
and  setback  layers  is  yet  absent. 

This  paper  develops  an  analytical  HBT  model  including  the  combined  effects 
of  graded  and  setback  layers.  The  variation  of  the  conduction  and  valence  bands, 
the  base  and  collector  currents,  as  functions  of  the  graded  and 
setback  layer  thicknesses  will  be  studied  in  detail.  Results  will  be  presented 

for  several  graded-  and  setback-layer  thickness  combinations,  and  compared  with 
those  calculated  from  a  numerical  model. 

2.  MODEL  DEVELOPMENT 

2-1  Barrier  Potentials  and  Space-Charge-Region  Thicknesses 

Consider  an  N/p+/n  AlGaAs/GaAs  HBT  shown  in  Fig.  1.  The  position-dependent 
c  permittivity  eg(x)  in  the  linearly  graded  layer  (-WG  s  x  s  0)  is  given 

hv 


eg(x)  -  -(eE  -  eB)x/WG 


where  «,  and  a,  are  the  dielectric  permittivities  in  the  emitter  and  base, 

respectively,  and  wa  is  the  graded  layer  thickness.  The  one-dimensional  Poisson 
equation  in  the  graded  layer  is 


Setback  Layer 


O 


W 
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Fig.  1  The  HBT  structure  including  graded  and  setback  layers. 


(2) 


d2V/dx2  -  -{p/£g(X)  -  (dV/dx)(£E  -  eB)/(wG£g(x)]> 

where  V  is  the  electrostatic  potential,  and  p  is  the  charge  density,  ^ploying 
the  conventional  depletion  approximation  and  integrating  the  equation  once,  we 
obtarn  the  electric  field  |g(x)  in  the  graded  layer  as 

?g(x)  =  -dv/dx  =  (qNEx  -  C'  )/e_(x) 

9  (3) 

Here  NE  is  the  emitter  doping  concentration  and  C-  is  a  constant  which  needs  to 
be  determined  from  the  boundary  condition,  similarly,  we  can  derive  the  electric 
frelds  6,(X)  in  the  space  charge  region  (SCR)  on  the  emitter  side,  |.(x)  i„  the 
setback  layer,  and  §2(x)  in  the  SCR  on  the  base  side: 

?i(x)  =  (qNE/eE)(X  +  X:)  for  -X,  <  x  <  _w 

G  (4) 

?»(x)  -  (qNB/eB)  (x2  -  Wj )  for  0  <  x  <WT 

1  (5) 

?2(x)  -  (qNB/eB)  (X2  -  x)  for  W.  <  x  <  x, 

A  2  /  c  \ 


Where  is  the  base  doping  concentration,  w,  is  the  thickness  of  the  setback 

layer,  and  X,  and  X2  are  the  thicknesses  of  the  SCR  on  emitter  and  base  sides, 
respectively  (see  Pig.  1).  since  th.  £lux  density  ,,  ,  .  is  continuoU3i 

constant  c-  in  ,3)  can  be  obtained  by  osing  the  boundary  condition  |  ,-w  ,  - 
§i(-w0)*  9  g; 


?g(x)  -  [qNE/eg(x) ] (x  +  Xj) 


By  choosing  x  -X,  as  the  reference  (zero  point),  the  corresponding 

electrostatic  potential  V(x,  can  be  calculated  by  integrating  |,x,  over  its 
boundary.  Thus 
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(8) 


Vx(x)  =  0.5(qNE/eE)  (x  +  Xx)2 

Vg(x)  =  Vx(-W G)  +  qNEWG(x  +  WG)/(eB  -  £e)  + 

qNEWG(Xl  -  WGeE)/(eB  -  eE)2ln{[(eB  -  £b)*  +  Wg£bJ  '  > 

V8(x)  =  Vg(0)  +  (qNB/eB)(X2  -  w i)x 

V2(X)  =  V.(Wj)  +  (qNB/£B)(X2x  -  X2/2  -  X2Wx  +  Wx2/2) 


(9) 

(10) 


(U) 


where 


Vi(-WG)  =  0 . 5  (qNE/ £e)  (Xj  -  WG)‘ 


(12) 


Va(0)  =  0.5(qNE/£E)  (x  +  Xl)2  + 


[qNEWG/(£B  -  £E)]{X  +  WG  +  [Xx  -  WG£E/(£B  -  eE) ] In ( £B/ £E) } 


(13) 


V8(WX)  =  V,(0)  +  (qNB/EB)(X2  -  WI,WI 


(14) 


Also,  the  total  electrostatic  potential  V,(X,)  across  the  SCR  should  be  equal  to 
Vbl,„  -  VBE,  where  »„  is  the  applied  base-emitter  voltage  and  V„.«  is  the 

junction  built-in  potential  [13].  Thus 


Vbi.BE  -  VBE  =  V.(WX)  +  0.5(qNB/£B)(X2  -  Wxr 


(15) 


The  SCR  thickness  X,  can  be  found  from  (15)  and  X,  -  +  »i  (deriVed 

from  charge  neutrality  in  the  entire  SCR): 


=  -0.5B/A  -  0 . 5  (B2  -  4AC)°-S/A 


(16) 
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where : 


A  =  0.5qNE/eE  +  0.5qNE2/(eENB) 

B  qNEWG/eE  _  [qNEWG/(eB  -  eE)  ]  ln(  eb/ee)  +  qUE'»I/eE 

C  =  -qNEWG2/(eB  _  eE)  +  [ qNEWG2eB/ ( eB  _  eE) 2  j  ln  (  eB/eE)  +  0.5qNEWG2/e 

The  barrier  potentials  for  the  conduction  band  edge  Ec 
defined  as 


(17) 

(18) 

b  (19) 

in  the  SCR  are 


VBl  Vl(  WG);  Vg,.,,  -  -AEc/q  +  Vg(0)  -  Vj(-WG); 


Vbs  V8(WI)  -  Vg(0);  VB2  =  V2(X2)  -  Vs(Wj) 


(20) 


where  AEC  is  the  conduction  band  discontinuity.  Since  the  valence  band  edge  Ev 

18  ±n  Parallel  with  Ec  ^cept  for  that  in  the  graded  layer,  the  barrier 
potentials  for  the  valance  band  are  the  same  as  that  given  in  (20)  provided  Vbgc 
is  changed  to 


VBGV  -  AEv/q  +  V  (0)  -  V,  ( —  wr ) 

g  iv  g  /  (21) 

AEv  is  th.  valence  band  discontinuity.  Hots  that  all  barrier  potentials  have 
positive  values  except  for  VMC,  the  value  of  which  can  be  positive  or  negative 
depending  on  the  applied  voltage  and  thickness  of  the  graded  layer.  A  positive 

value  indicates  that  Ec  have  a  positive  slope  in  the  graded  layer,  and  vice  vers, 
if  the  value  is  negative. 


2.2  Collector  and  Base  Currents 

Following  the  thermionic-field-dif fusion  approach  [7-8],  the  electron 
current  density  J„  across  the  spike  (located  at  x  -  -w„)  is  the  difference 
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between  two  opposing  fluxes: 


Jn(-Wc)  =  qvnY[n(-WG")  -  n(-WG+)] 

where  v„  is  the  electron  thermal  velocity,  ,  is  the  tunneling  coefficient  [81, 

end  n  is  the  electron  concentration.  It  should  be  mentioned  that  ,  depends 

:  V  and  V  if  V  is  negative  and  that  y  =  1  (no  tunneling)  and  the 

strongly  on  VB1  and  n  VgQc  i  y 

conventional  drift-diffusion  model  applies  if  VBGC  is  positive.  I  (  )' 


n(-WG")  =  NEexp(-VB1/VT 


At  this  point,  the  only  unknown 


relation: 


/VT)  and  n(-WG+)  =  n(X2)exp[  (VB2  +  VBS  +  V^cJ/Vj]  (23) 


parameter  is  n(X2),  which  can  be  found  using  the 


Jn(-WG)  =  JSCRG  +  JSCRS 


J«sms  +  ^SCR2  +  3n(X2) 


where  dsc«,  end  are  the  recombination  current  densities  in  the  gra  e 

layer,  setback  layer,  and  space-charge  layer  in  the  base  region,  respectively 
(the  models  for  Jsc«,  W  and  will  be  developed  in  the  next  section),  and 

,  <*,)  is  the  diffusion-only  current  in  the  guasi-neutr.l  base  (QHB, .  ,or  a  very 


thin  base, 


jc  «  Jn(X2)  =  qDnn(X2)/(WB  +  Dn/vsat) 

where  Jc  is  the  collector  current  density,  Dn  is  the  electron  diffusion 
coefficient  in  the  QNB,  WB  -  X3  -  X2  (Fig.  D  -  the  Q«B  thickness,  and  vMt  (= 
107  cm/sec)  is  the  saturation  drift  velocity  caused  by  the  high  field  in  the 
base-collector  junction.  An  empirical  expression  can  be  used 
[14]: 


D  =  Vt[7200/(1  +  5 . 5x10"17Nb)°‘233] 
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Combining  (22, -,25)  and  solving  for  »(*,),  we  obtain 


"l*2'  '  !^»e«p(-v.1/Vt,  -  -  Jsc„  -  JsacUn  (2?) 

where  t)  -  qD„/(W„  +  D,/v.„)  +  qvnVexp[  (V,2  +  v„  +  V^J/V,]. 

The  components  of  the  base  current  density  J.  of  the  HBT  include  1) 

j  n  of  hole  current  density  Jfi  from  the  base  to  emitter;  2)  electron-hole 

ombination  current  density  J„  in  the  quasi-neutral  base;  3,  electron-hole 

recombination  current  density  Jsc>  in  the  emitter-base  space-charge  layer;  and 

4)  electron-hole  recombination  current  density  j„  at  the  emitter  and  base 
surfaces. 

The  hole  injection  current  can  be  modeled  using  the  conventional  diffusion- 
current  only  approximation: 

J“  '  OVs-PI-lV.,  ♦  V„  *  v„  ♦  »„>/»,]/..,  (28) 

Where  Dp  is  the  hole  diffusion  coefficient  in  the  emitter  and  WE  -  X,  -  X,  is  the 

thickness  of  the  quasi-neutral  emitter.  The  doping-concentration  dependent  D 
is  given  by  [14]  P 

Dp  =  Vt[380/(1  +  3 . 2xlO_17Ne.l  °'2666i 

E '  J  /  o  \ 


The  recombination  current  density  in  the 


quasi-neutral  base  is 


jrb  _  Jn  ( x2 )  ( 1  -  aB ) 


where  aB  is  the  base  transport  factor: 


aB  =  l/cosh[WB/(DnTn)°-5j 


T"  "  thS  eleCtr°n  lifeti“e  in  <*.  -  1  nsec  is  used  in  calculations, 
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Note  that  aB  approaches  unity  for  a  very  thin  base. 

jSCR  consists  of  four  recombination  current  densities  occurre 

emitter-side  of  the  space-charge  layer  (JSCR1),  in  the  graded  layer  (JscRG),  in  the 
setback  layer  and  in  the  base-side  of  the  space-charge  layer  CW  • 

Based  on  the  assumption  that  the  Shockley-Bead-H.ll  statistros  rs  the  dominant 
recombination  process,  then  these  current  densities  are  proportional  to  the 
intrinsic  free-carrier  concentration  and  exp(VBE/2VT)  : 


JSCR  =  JSCR1  +  JSCRG  +  JSCRS  +  JSCR2 


=  (niE  +  niG  +  nis  +  niB)B*exp(VBE/2VT)  (32) 


where  nt  is  the  intrinsic  carrier  concentration  and  B*  is  an  empirical  parameter 
that  relates  to  the  trapping  density  in  the  space-charge  region. 

The  surface  current  density  is  influenced  strongly  by  the  fabrication 
process.  It  includes  electron-hole  recombination  taking  place  at  the  emitter  as 
well  as  base  surfaces  and  can  be  empirically  modeled  as  [15] 

(33) 

Jrs  =  J*exp(VBE/nVT) 

Here  the  ideality  factor  n  is  close  to  unity,  and  J-  is  the  empirical  parameter 
that  characterized  the  recombination  current  at  the  emitter  and  base  surfaces, 
which  is  a  function  of  the  surface  recombination  velocity  S,  the  value  of  which 
depends  strongly  on  the  surface  states  and  the  location  of  the  Fermi  level  pinned 
at  the  surface  (S  =  10*  cm/sec  is  used  in  our  calculations). 


3.  RESULTS  AND  DISCUSSIONS 

For  illustrations,  we  consider  a  typical  HBT  makeup  having  5*10”,  10».  and 
10«  cm-3  emitter,  base,  and  collector  doping  concentrations,  and  1700,  1000,  and 
5000  A  emitter,  base,  and  collector  layer  thicknesses,  respectively.  Also,  the 
HBT  has  graded  and  setback  layer  thicknesses  ranging  from  0  to  300  A.  Since  the 
results  for  HBTs  having  only  the  graded  layer  and  only  the  setback  layer  have 
been  reported  previously  [3-111.  our  emphasis  here  will  be  placed  on  the  combined 
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effects  of  the  two  layers  on  the  HBT  performance. 

ig.  2  illustrates  the  spatial  variation  of  conduction  and  valence  band 

edges  of  an  HBT  havincr  w  =  w  -  icn  li  r  ,  , 

1  G  150  A  for  three  different  VBE.  it  is  shown  that 

while  Ev  in  the  junction  increeses  monotonically  versus  the  position  for  ,11 
voltages,  the  slope  of  Ec  in  the  graded  layer  actually  becomes  negative  as  v„ 

Associated  with  such  a  negative  slope  is  an  "alloy"  junction 
barrier  which  is  formed  at  the  vicinity  of  *  .  -„=.  The  s,„e  results  were  also 
obtained  in  numerical  simulation  by  Eranh  and  Tiwari  [16,.  As  win  be  shown 
later,  the  formation  of  alloy  junction  barrier  increases  the  importance  of  the 
and  tunneling  mechanisms  and  subsequently  reduces  the  collector 
current  at  large  v„.  pig.  3  compares  the  conduction  band  edges  of  the  same  HBT 
calculated  from  the  present  model  and  obtained  from  a  numerical  model  [12,.  Good 
agreement  is  found  between  the  two  models. 

next  study  the  collector  and  base  currents,  and  their  voltage 
plotted  m  Figs.  4  and  5  respectively.  The  results  suggest 
pt  for  very  large  VBE  at  which  the  alloy  junction  barrier  exists,  both 
B  increase  considerably  when  Wx  and  WG  increase  from  0  to  150  A  but  change 
only  slightly  when  w,  and  wa  increase  from  150  to  300  A.  The  oc  increase  results 
from  the  removal  of  AEV  which  reduces  the  importance  of  thermionic  and  tunneling 
mechanisms.  On  the  other  hand,  the  increase  is  due  to  the  fact  that  the 
presence  of  Wx  and  WG  widens  the  space-charge  layer  and  thus  enhances  electron- 
e  recombination  m  the  region.  Again  the  results  calculated  from  the  present 
model  compare  favorably  with  those  obtained  from  the  numerical  model  [12].  Note 
hen  Wx  and  WG  are  present,  Jc  saturates  at  a  smaller  VBB  (Fig.  4).  This 

the  fact  that  the  free-carrier  transport  in  such  HBTs  is  hinder  by  the 
alloy  junction  barrier  formed  at  large  VBE  (see  Fig.  3). 

To  better  compare  the  currents  in  HBTs  with  Wx  and  WG  and  without  Wx  and 
WG  (abrupt  HBT),  the  currents  in  HBTs  with  Wx  and  WG  are  normalized  by  those  in 
abrupt  HBTs.  These  normalized  Jc  and  JB  are  shown  in  Figs.  6  and  7, 

P  ively.  The  results  in  Fig.  6  indicate  that  the  HBT  with  Wx  =  wG  =  150  A 
he  highest  Jc  at  relatively  low  VBE,  but  all  four  HBTs  have  similar  Jc  at 
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Energy  Band 


x  (|im) 


Fig.  2  conduction  end  v.lence  bend  edges  cslculated  from  the  present  model 

for  an  HBT  with  Wx  =  WG  =  150  A. 


Conduction  Band  Edges  (eV) 


comparison  of  the  conduction  band  edge  calculated  from  the  present 

mo  e  and  numerical  model  at  four  different  voltages. 
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Fig.  3 


Collector  Current  Density  (A/cm2) 


Collector  current  densities  calculated  from  the  present  model  and 
numerical  model  for  HBTs  with  three  different  Wx  and  WG  makeups. 
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Present  model;  □  Numerical  model  (W,  =  WG  =  0) 

•  Present  model;  ■  Numerical  model  (Wj  =  WG  =  150  A) 

•  Present  model;  A  Numerical  model  (Wr  =.WG  =  300  A) 

1-2  1.3  1.4  1.5  1.6  1.7 

vbe(V) 


Base  current  densities  calculated  from  the  present  model  and 
numerical  model  for  HBTs  with  three  different  M,  and  w„  makeups. 


normalized  by  that  of  the  abrupt  HBT  (Wx  -  =  0). 


Fig.  6 


Normalized  Base  Current 


,  ..  4.  unm  T  in  the  HBTs  with  Wx  and  WG  is 

high  VBE.  in  comparison  with  the  abrupt  HBT,  Jc  xn  the 

_  _  v  =  1  V  increases  to  a  maximum  of  about  45  times 

about  5-10  times  larger  at  VBE  1  > 

larger  at  v„  -  1.4  V,  end  becomes  comparable  with  thet  in  the  abrupt  HBT  at  high 

voltages.  The  presence  of  W,  end  also  increases  d..  as  shown  in  Fig.  7. 

w  =  w  =  300  k  results  in  the  widest  space- 
Intuitively ,  one  would  expect  that  Wx  g 

charge  layer  and  thns  the  highest  This  is  indeed  the  case  in  Fig.  7.  which 

shows  that  the  HBT  with  -  «s  -  300  A  has  the  highest  d,  at  relatively  small 

V„  among  the  four  HBTs.  At  high  V„,  all  four  HBTS  have  similar  dB.  This  is 

t  K___  areatlv  reduced  by  the  high  VBE,  and  the 
because  the  space-charge  region  has  been  greatly  rea 

space-charge  region  recombination  is  not  important.  Conversely,  the  hole  current 
d  injected  from  the  base  to  emitter  becomes  the  dominant  component  for  d„. 
Since  is  not  affected  by  «,  and  «.  at  high  voltages  (the  valence  barrier  is 
almost  flat  at  such  bias  conditions),  all  four  HBTs  have  comparable  d„. 

Fig.  8  shows  the  do  current  gains  at  a  low  current  level  <J„  -  0.01  A/om 
is  considered,  calculated  as  a  function  of  W,  and  The  results  suggest  that 

the  current  gain  P  decreases  linearly  with  increasing  W„  if  «,  °.  and  P  ls 

.  ,  .  i  i  c  n  &  Also ,  a,t  this  current 

relatively  insensitive  to  WG  if  Wx  is  greater  than  150  A. 

level,  p  decreases  with  increasing  Wx  for  all  WG. 

The  trends  are  guite  different  for  the  HBT  operated  at  a  high  current  level 

(d  .  10s  A/cm"  is  considered,,  however,  as  shown  in  Fig.  9.  First,  comparable 
current  gains  are  found  for  all  «,  and  Wg  >  130  A.  Furthermore,  when  ws 

approaches  zero,  having  a  non-zero  is  beneficial,  but  increasing  W,  beyond  150 
A  does  not  provide  any  current  gain  enhancement. 


4.  CONCLUSIONS 

The  spike  at  the  hetero-interface  often  limits  the  free-carri.r  injection 
from  the  emitter  to  base,  and  the  graded  and  setback  layers  are  frequently  used 
to  overcome  such  a  problem.  Xn  this  study,  the  combined  effects  of  the  graded 
and  setback  layers  on  the  current-voltage  characteristics  of  AlGaAs/GaAs  HBT 
investigated,  and  an  analytical  model  which  accounts  for  such  effects  is 

developed. 
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Fig.  9 


„BT  currant  gains  at  a  high  currant  level  calculated  as  a  function 
of  WG  and  Wx. 
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The  following  conclusions  can  be  drawn  from  the  present  study. 

1.  At  low  current  levels,  the  presence  of  w.  and  w„  actually  degrades  the 
gain. 


current 


2.  At  high  current  levels,  using  wx  =  150  A  and  any  WG  or  Wr  =  0 
s  300  A  yields  the  optimal  current  gain. 


and  150  A  s  wG 


3.  Among  the  HBTs  considered 
=  WG  =  0)  possesses  the  best 
current  gain  at  high  current 


(with  or  without  wx  and/or  WG),  the  abrupt  HBT  (Wj 

current  gain  at  low  current  levels  and  the  worst 
levels . 


The  model  developed  permits  a  degree  of  insight  into  the  influence  of  the 
graded  and  setback  layers  on  the  HBT  performance  and  should  have  practical 
applications  for  use  in  HBT  design  and  circuit  simulation. 


23-22 


references 


[1] 


[2] 


[3] 


[4] 


[5] 


Kroemer ,  "Theory  of  .  wide-gap  emitter  for  transistors,"  Proc.  IKE.  vol. 
45,  pp.  1535,  1957. 

P.  M.  Asbeck  et  el.,  "Heterojunotion  bipolar  transistors  for  ultra  high 
speed  digital  and  analog  applications,"  in  IEDM  Tech.  Dig..  1988. 

A.  Marty,  G.  E .  Key,  and  J.  P.  Bailhe.  "Electrical  behavior  of  an  Mpn 

"  Enlid-St.  Electron.,  vol.  22,  pp. 

GaAlAs / GaAs  heterojunction  transistor, 

549,  1979. 

A  A.  Grinberg  and  S.  Luryi,  "on  the  thermionic-diffusion  theory  of 
minority  transport  in  heterojunotion  bipolar  transistors."  IEEE  Trans. 
Electron  Devices,  vol.  40,  pp.  859,  1993. 

B.  K.  Ryum  and  I.  M.  Abdel-Motaleb,  "A  Gummel-Poon  model  for  abrupt  and 
graded  heterojunotion  bipolar  transistors,”  Eolid-st.  Electron.,  vol.  33, 
pp.  869,  1990. 

j.  Liou,  C.  S.  Ho.  L.  L.  Lieu,  and  C.  I.  Huang,  "An  analytical  model  for 
current  transport  in  AlGaAs/GaAs  abrupt  HBTs  with  a  setback  layer.  Solid- 
St.  Electron.,  vol.  36,  pp.  819,  1993. 

M.  S.  Lundstrom,  "Boundary  conditions  for  pn  hetero junctions, "  Solid-St. 
Electron.,  vol.  27,  pp.  491,  1984. 

A.  A.  Grinberg,  M.  S.  Shur,  K.  J.  Fischer,  and  H.  Morkoc,  "An  investigation 
of  the  effect  of  graded  layers  and  tunneling  on  the  performance  of 
AlGaAs / GaAs  heterojunotion  bipolar  transistors,"  IEEE  Trans.  Electron 

Devices,  vol.  ED-31,  pp.  1758,  1984. 

c.  D.  Parikh  and  F.  A.  Lindholm,  "space-charge  region  recombination  in 

•  "  tfff  Trans.  Electron  Devices,  vol.  39, 

hetero  junction  bipolar  transistors,  I 

pp.  2197,  1992. 

[10]  A.  Das  and  M.  S.  Lundstrom,  "Numerical  study  of  emitter-base  juncti 
design  for  AlGaAs /GaAs  heterojunotion  bipolar  transistors,"  IEEE  Trans. 

Electron  Devices,  vol.  35,  pp.  863,  1988. 

_  _  __j  r  7  Lee  "a  study  of  current  transport  on 

[11]  S.  -C.  Chen,  Y.  -K.  Su,  and  C.  -Z.  Lee,  a  su  y 


[6] 


[7] 


[8] 


[9] 


23-23 


P  N  hetero junctions, "  Solid-St.  Electron.,  vol.  35,  pp.  1311,  1982. 

C12]  L*  L;  LiOU  and  C*  Z*  Huan*'  constant  base  current  as  a  boundary 

condition  for  one-dimensional  AlGaAs/GaAs  hetero  junction  bipolar  transistor 
simulation,"  Electron.  Lett.,  vol.  26,  pp.  1501,  1990. 

[13]  A.  Chatter jee  and  A.  H.  Marshak,  "Theory  of  abrupt  hetero junctions  in 
equilibrium,"  Solid-St.  Electron.,  vol.  24,  pp.  mif  i98l. 

[14]  D.  A.  Sunderland  and  P.  L.  Dapkus,  "Optimising  N-p-n  and  P-n-p 

hetero junction  bipolar  transistors  for  speed,"  IEEE  Trans.  Electron 
Devices,  vol.  ED-34,  pp.  367,  1987. 

[15]  W.  Liu  and  J.  s.  Harris,  Jr.,  "Diode  ideality  factor  for  surface 

recombination  current  in  AlGaAs/GaAs  hetero junction  bipolar  transistors," 
IEEE  Trans.  Electron  Devices,  vol.  39,  pp.  2726,  1992. 

and  D.  j.  Frank,  "Analysis  of  the  operation  of  GaAlAs/GaAs 

HBT  s,  IEEE  Trans.  Electron  Devices,  vol.  36,  pp.  2105,  1989. 


23-24 


EXPERIMENTAL  STUDY  OF  A  SWITCHED  RELUCTANCE  MOTOR 

Shy-Shenq  P .  Lieu 
Assistant  Professor 

Division  of  Engineering 
San  Francisco  State  University 
1600  Holloway  Avenue 
San  Francisco,  CA  94132 


Final  Report  for:  Summer  Research  Extension  Program 

The  author  would  like  to  thank  the  sponsorship  of 
Air  Force  Office  of  Scientific  Research 
Bolling  AFB,  Washington  DC 
and 

San  Francisco  State  University 
June,  1994 


24-  1 


experimental  study  of  a  switched  reluctance  motor 


Shy-shenq  p.  Liou— 

, Assistant  Professor 
Division  of  Engineering 
San  Francisco  State  University 


Abstract 


several  search  coils,  four  for  phase  windings  and  one  for 

IT,'  ""  lnStalled  “to  a  prototype  switched  reluctance 

search  Toil  “tt**  lndUotanca  °f  Phase  windings  and  yoke 
arch  coal  wath  respect  to  the  relative  position  of  rotor  and 

coils'whe'n  th  T  indU°ed  V°lta9e  MaVefor”s  these  search 

constant  l  y  ***  SWltChed  ralUCtan«  "°tor  is  running  at 
pee  mode  are  also  measured  and  reported  Three 
temperature  sensors  were  aic«  ,,  .  Tnree 

measure  the  temperature  profile  f  tl  ““  lntenti°n  t0 
motor  Due  to  t„ P  re  Pr°file  the  switched  reluctance 

temperature  profile 7^™  °*  t6"PeratUra  sa"a°^ 

reluctance  motor  driver  JT.l’T'  •  "1“- 

huiit.  The  driver  circuit  for  the  MCT  Is  also ““ 
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EXPERIMENTAL 


STUDY  OF  A  SWITCHED  RELUCTANCE  MOTOR 


Shy-Shenq  P.  Liou 


INTRODUCTION 

switched  reluctance  motor  is  a  relative  new  member  of  the 
family  of  rotating  machines.  Although  conceptually  the 
switched  reluctance  motor  is  a  simple  electromechanical  energy 
conversion  device,  the  popularity  of  it  nowadays  is  not 
possible  without  the  pioneering  work  of  Professor  P.J. 
Lawrenson  of  University  of  Leeds  [1]  almost  20  years  ago  and 
the  advance  of  semiconductor  switching  devices. 

Basically,  switched  reluctance  motor  is  an  electric  motor 
in  which  torque  is  produced  by  the  tendency  of  its  movable 
part,  the  rotor,  to  move  to  a  position  where  the  inductance  of 
the  excited  winding  is  maximized.  In  energy  conversion 
terminology,  torque  is  produced  because  of  its  tendency  to 

maximize  the  coenergy  [2]. 

Figure  1  shows  a  typical  switched  reluctance  motor  in  a 
8-6  design  in  which  there  are  eight  stator  teeth  and  6  rotor 
teeth.  There  are  also  four  phase  windings  wrapped  around  those 
eight  stator  teeth;  one  winding  for  each  two  stator  teeth. 
Only  one  phase  winding  with  one  turn  each  on  the  stator  teeth 
is  shown  in  Figure  1.  Also  shown  in  the  Figure  1  are  two 
positions,  aligned  and  unaligned  positions.  It  can  be  expected 
that  the  inductance  for  the  phase  winding  shown  in  Figure  1 
will  assume  a  maximum  value  whereas  the  second  phase  winding 
to  the  right  of  the  shown  winding  will  assume  a  minimum 
inductance.  If  a  DC  current  is  supplied  to  the  first  phase 
winding  to  the  right  of  the  winding  shown  in  Figure  1,  the 
switched  reluctance  motor's  rotor  will  rotate  counterclockwise 


24-  3 


because  of  the  tendency  of  maximizing  the  inductance  of  the 
energized  phase  winding.  Usually,  only  one  phase  winding  is 
energized  at  any  given  time.  Also  it  should  be  noted  that  only 
DC  current  is  needed  to  produce  torque.  — 

To  produce  a  continuous  rotation,  current  should  be 
supplied  to  successive  phase  winding  one  at  a  time  based  on 
the  position  of  the  rotor  with  respect  to  the  stator. 

erefore,  some  kind  of  switching  mechanism  must  be  there  to 
TTON  on  and  TURN  OFF  the  current  to  each  phase  winding  with 
reasonable  efficiency  and  power  handling  capability.  The 
advance  made  by  the  semiconductor  industry  on  power  switching 
evices  make  the  control  of  switched  reluctance  motor 
possible.  Also,  it  is  important  to  note  that  there  is  no  need 
to  put  any  coil  on  the  rotor  poles  to  create  the  energy 
conversion.  This  turns  out  to  be  another  salient  feature  of 
switched  reluctance  motor. 

Two  typical  power  electronic  phase  switching  circuits  for 
switched  reluctance  motor  are  shown  in  Figure  2.  Mos- 
Controlled  Thyristor  (MCT)  are  used  in  this  instance  just  for 
representation  purpose  only.  Usually,  either  MOSFETs  or  IGBTs 
are  used  in  the  commercial  products.  Two  switches  must  be 
urned  on  by  gating  from  the  control  circuit  simultaneously  in 
cr  er  to  establish  the  current  flow  in  the  phase  winding.  When 
he  switches  are  turned  off,  the  stored  energy  in  the  phase 
winding  is  returned  to  the  DC  source  via  the  two  freewheel 
lodes  as  shown  in  Figure  2.  The  control  circuitry  must  get 
he  rotor  position  through  either  encoder  or  resolver  before 
it  can  decide  which  phase  winding  to  be  turned  on. 

The  uniqueness  of  switched  reluctance  motor  can  be 
summarized  as  the  following: 

1.  There  is  no  winding  on  the  rotor  poles. 
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Figure  is  An  Eight-Six  Design  Switched  Reluctance  Motor 
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2.  Both  stator  and  rotor  have  salient  poles. 

3.  The  stator  winding  comprises  a  set  of  coils,  each 
of  which  is  wound  on  the  pole. 

4.  Excitation  is  a  sequence  of  current  pulses  applied 
to  each  phase  in  turn. 

5.  As  the  rotor  rotates,  the  phase  flux  linkage  should 
have  a  triangular  or  sawtooth  waveform  [3]  but  not 
vary  with  current. 

POTENTIAL  PROBLEMS  with  SWITCHED  RELUCTANCE  MOTORS 

The  switched  reluctance  motor  has  many  advantages  such  as 
simple  geometry,  easy  to  manufacture,  high  temperature 
capability,  and  inherent  fault  tolerant  operation,  etc.  On  the 
other  hand,  it  does  have  many  undesired  features  too.  First  of 
all,  it  requires  a  rotor  position  sensor  (either  encoder  or 
resolver) .  Second,  it  definitely  requires  a  dedicated  power 
electronic  controller.  Last  but  not  least,  the  simple  yet 
complicated  magnetic  geometry  poses  a  serious  engineering 
challenge  for  design  engineer  to  design  and  optimize  a 

switched  reluctance  motor  for  specific  application.  Therefore, 
the  potential  problems  associated  with  the  switched  reluctance 

motor  are  summarized  in  the  following: 

1.  Needs  a  rotor  position  sensor  in  the  form  of  either 
encoder  or  resolver.  (No  dedicated  sensor  operation 
should  be  ideal) . 

2.  How  to  model  the  switched  reluctance  motor 

electrically  and  magnetically  due  to  complicated 
magnetic  geometry  and  severe  local  saturation  when 
rotor  teeth  approach  those  of  stator. 

3 .  How  to  model  the  switched  reluctance  motor 

thermally  so  design  engineer  can  optimize  the 
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design  for  given  specific  application. 

disc  °"!  °f  thS  POtential  Prisms  mentioned  above  win  be 
discussed  in  this  report.  Attempts  were  made  to  1 

many  problems  as  possible  Due  to  *SS  aS 

every  problem  area  is  attacL  d  «* 

research.  But  the  effort  l  °°Ur“  °f  thls 

research  work  *  3  9°°d  f°undati°"  «°r  future 


prototype  switched  reluctance  motor 


No.  of  Phases 

Voltage 

Peak  Output 

Rated  Speed 

Maximum  Speed 

Rated  Torque 

Max.  rms  Current 

Efficiency 

Encoder 

Resolution 

Weight 


160  volts  DC 
400  Watts 
3,000  RPM 
15,000  RPM 
100  Oz-in 
3 . 0  Amps 
80% 

HP  HEDS-5000 

360  Lines/Revolution 

5 • 5  Lbs 


else  n  CO"tr°ller  from  semifusion  Company,  Santa  Clara,  ca  was 

"rrterrr the  switched  —  ~ .  * 

velocity,  tor 

and  very  user  fn'pnm  *  lnput  ls  ^enu-driven 

reuuired  f  7‘  *  IBM  °°mpatible  personal  computer  is 

I":  T  bStWeen  thS  —  a"«  controller 

Packard  tl  " *  7*  ^  "*“*■  *  «-*»  Hewlet 

HCTL  1100  general  purpose  motion  control  chip  is  used 
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in  the  controller  to  take  care  of  the  number  crunching  task. 
For  example,  read  the  rotor  position  from  the  position  encoder 
and  output  the  proper  commutating  sequence  to  individualjphase 
winding  based  on  the  desired  command  operating  mode.  This 
setup  turns  out  to  be  extremely  useful  for  initial  testing  of 

the  switched  reluctance  motor. 

A  simple  friction  type  dynamometer  from  Hampton  Inc.  is 
used  to  load  the  switched  reluctance  motor  during  the  tests. 
There  is  no  constant  torque  load  from  this  dynamometer. 
Therefore,  only  constant  speed  command  operating  mode  is 
reported.  In  the  future,  if  a  decent  dynamometer  is  available, 
more  tests  on  the  constant  torque  operating  mode  can  be 

tested . 

INDUCTANCE  MEASUREMENT  THROUGH  SEARCH  COILS 

Five  search  coils  were  put  inside  of  the  switched 
reluctance  motor  in  order  to  identify  various  parameters 
associated  with  the  motor.  One  aim  is  to  see  whether  the 
inductances  of  these  search  coils  change  when  the  rotor 
position  varies.  If  there  is  a  unique  pattern  or  certain 
fingerprint  associated  with  the  rotor  position,  this  might 
provide  an  easy  way  to  locate  the  position  of  the  rotor 
without  either  the  encoder  or  resolver.  Four  one-turn  search 
coils  were  put  into  the  same  locations  with  the  phase 
windings.  Another  search  coil  enclose  the  yoke  or  back  iron 
portion  of  the  motor.  A  handhold  digital  inductance  meter  was 
used  to  measure  the  inductances  of  these  search  coils. 

Because  the  air  gap  of  the  switched  reluctance  motor  is 
small  and  localized  saturation  is  very  severe,  it  is  important 
to  fix  the  relative  position  between  stator  and  rotor  while 
inductance  measurement  was  conducted  to  avoid  any  inaccuracy. 
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ttempt  was  made  to  run  the  switched  reluctance  motor 

the  t  Sr  “  P°Sltl°n  °Perati"9  to  fix  the  location  of 

the  rotor.  There  are  two  problems  with  this  approach.  First 

the  resolution  is  about  2.5  degrees  even  although  usl'Hn 

specify  a  resolution  of  about  0.25  degree  in  the  menu-driven 

wind  SeC°nd'  thS  D°  CUrrent  in  one  of  the  phase 

r  H  Pr71<Je  3  D°  °ffSSt  f°r  thE  "agnetic  field  the 

swrtched  reluctance  motor.  This  makes  the  inductance  meter 

reading  extremely  unstable  and  hence  render  it  useless 

set  1  tablS  "ith  3  reSOlUtlon  °f  "ini™-  one  degree  is 

h  ,  “  Fi9UrS  3  t0  ”easure  the  inductances  of 

rch  coils  more  accurately,  a  c-clamp  is  used  to  fix  the 

rotor  position  at  standstill  whereas  the  stator  part  is 
adhered  to  the  rotary  table.  For  every  degree  adjustment  from 
O  ary  table,  measurements  were  made  for  each  search 
coils  The  rotary  table  has  a  06  degrees  adjustable  range.  For 

range  forThe  "tU**  relUctan-  motor,  minimum 

angle  is  360/6=60  degrees.  Thus  it  provides 

enough  data  points  for  a  complete  cycle.  The  inductances  of 
to  a  C011  V6rSUS  thS  r0t°r  angle  f°r  Phase  winding  one 

respectively!01"  ^  36317=11  =OU  316  Sh°Wn  “  FlgUreS  4  to  3 

of  JT  4  t0  ca"  ba  — -  that  the  inductances 

='or  T  SSarCh  C°ilS  d°  V“y  ^ii-lly  with  the 

is  al  t  "lth  3  distinct  difference  when  the  rotor  teeth 

the  r  t  Klth  the  Stat°r  teeth  (mininum  inductance) ;  when 
the  rotor  is  at  aligned  position  (maximum  inductance, ;  and  in 

inLtaranSltT  Sta9S  betWSen  thS  “axi”“"  and  minimum 

degrees  Ba  d  S°  ^  rePeatS  r0Ughly  everY  SO  mechanical 
grees.  Based  on  the  shape  of  these  inductance  curves  it 

seems  promising  that  maybe  there  is  some  uniqueness  in  these 
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inductance  for  phase  one 


INDUCTANCE  FOR  PHASE  TWO  WINDING,  MICROHENRY 


INDUCTANCE  FOR  PHASE  THREE  WINDING,  MICROHENRY 


inductance  for  phase  four  winding,  microhenry 


Figure  7: 


Inductance 


versus  Kotor  angle  for  Phase  Four 
Search  coil 
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INDUCTANCE  FOR  YOKE  SEARCH  COIL,  MICROHENRY 


inductance  patterns.  It  is  also  worthwhile  noticing  that  the 
inductance  value  is  quite  small,  in  the  range  of  1.3  to  2.3 
microHenry  only.  This  is  because  there  is  only  one  turn  m 
each  search"" coil.  If  a  dedicated  search  coils  were  to  be 
installed  inside  the  motor  to  serve  as  the  position  detector, 
the  number  of  turns  shall  not  be  too  big.  Thus,  the  absolute 
inductance  value  probably  is  inherently  small  to  begin  with. 
Consequently,  emphasis  shall  not  be  to  boost  the  magnitude  of 
the  measured  inductance  through  the  search  coils.  Instead,  the 
focus  shall  be  placed  on  the  slope  of  these  inductance  values 
since  it  provides  a  distinct  and  unique  characteristic. 

If  a  digital  circuitry  is  designed  to  filter  these 
inductance  values  to  produce  a  rotor  position  by  assigning  1 
to  a  rising  inductance  and  0  to  a  decreasing  inductance,  the 
maximum  resolution  this  can  be  achieved  will  be 

360/ (2n)  =  360/ (24)  =  22  degrees  (1) 

where  N  is  the  number  of  search  coils. 

It  is  hoped  that  the  inductance  measurement  of  the  search 
coil  on  the  yoke  can  provide  additional  insight  into  the  rotor 
position  identification.  By  examining  the  Figure  8,  it  is 
determined  that  the  inductance  of  the  yoke  search  coil  does 
not  vary  sufficient  to  make  any  impact  on  the  position  sensing 

at  all. 

FLUX  WAVEFORMS 

A  digital  oscilloscope  is  used  to  measure  the  induced 
voltage  waveforms  for  each  search  coil  for  the  stator  poles 
and  yoke  at  various  operating  conditions  and  RPM.  A  2000  RPM 
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at  no  load  was  tested  first  -mot-  , 

Because  the  oscill  “  wave*°r-s. 

voltage,  not  the  fi" °T  “““•  the  “^ced 

waveforms  sHSwn  here  llTZT  °°ilS'  311  th* 

linkage  waveforms  A  Int  I  ^  WaVeforas'  the  flux 

the  flux  linkage  ”*t  ^  *“  t0  3at 

This  can  be  achieved  by  store  the  d  t  V°lta9e  Wavefor“- 

then  use  some  routine  L  dip  tl  dat  ZT  °"  ““  ^  “* 
software  can  be  written  to  do  tn  computer  then  a 

captured  induced  volt  6  numerical  integration  of  the 

underway.  393  This  Process  is  currently 

PhaselnVlTnd  a”  Sh°“S  the  indUCSd  V°ltage  —*-0  for 
capture  *° 

-^nr  Cglring"  •  ^  «“  —  ^  « 

motion  control  chip  The  ti  a  ^  HCT^°0 

minisecond  in  this  instate.  13  ab°Ut  °"a 

for  dela^danexadm  “aVtif0r"  ^  9  **  Sh°W"  *»  11 

is  the  induced  voltage  Tnste^T  of  fT  ^  WaVef°rin  shown 
are  three  short  positive  pulses  anl  1"  MVef0rm-  ^ 
negative  pulse.  A  constant  ,  *  9  relatlvely  big 

waveform  after  the  inteorat  ■  PU  **  pro<Juces  a  triangular 
in  Figure  11  ia  inte  9  "  pr°cess-  if  the  waveform  shown 

the  expected  flux  ^  “*  Xlnka»* 

reported  in  reference “T,  ^  33 

somehow,  therefore  the  total  ,  ^  rSSet  itSelf 

pulses  and  negative  pulse  would \Tlt  ""  ^  P°sitive 
evident  in  Figure  n  nn  •  PProximately  the  same  as 

required  by  the  load  except  thlT'  ^  ”° 

P  friction  and  windage  losses  of 
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he  motor.  Thus,  very  small  current  is  required  to  accelerate 
the  motor  to  the  desired  speed.  Therefore,  the  flux 
established  in  the  air  gap  is  relatively  small. 

voke  T  tndUCed  V°ltage  WaVefonn  £r“"  the  search  coil  on  the 
y  (back  iron)  is  shown  in  Figure  12.  Basically,  there  is 

absolutely  no  distinct  pattern  for  this  waveform,  it  is 

d^flCUlt  t0  imagine  how  the  flux  waveform  would 
look  like  without  actually  conducting  the  integration  process 

“ing  iS  th3t  «“  i^ced  voltage  Lveform 

waveform  willT.^^^^  *!“  ““ 

sawtooth  like.  It  is  also  quite  difficult  to 

Mavbe  Y  6  COniPlete  CYCle  for  this  induced  voltage  waveform. 

disf  °nCe  the  flUX  llnkage  wavefornt  is  obtained,  a  more 
distinguishable  pattern  can  be  found. 

at  aboTr  m°t0r  ±S  l0adSd  ^  ab°Ut  4°%  °f  the  rated  load 

were  taken  foSame  ^  ^  V°ltage  »a-£°™s 

r  eac  search  coils  and  the  waveforms  for  phase 
one  and  yoke  search  coil  are  shown  i„  Figures  13  and  “ 

motor' in1/'  7  ^  ^  SeSn  fr°”  thESe  tW°  fi9UraS  that  tha 
series  of  sh  r  °Peratin9  0,6  CUrrant  ^PPing  A 

neoat  positive  pulses  followed  by  a  relatively  long 

»•  ^  phase  windi„g.  Aisoy,  th: 
eform  IS  quite  noisy.  Once  the  integration  is  conducted 
the  waveform  will  iook  much  nicer. 

14  t  0nr  a9ain'  "°  distlnct  Pattern  oan  be  found  from  Figure 

linkage  Ja  ?  07=16  °f  ^  -“age  or  flux 

and  1!  “  BaSed  °n  tha  observations  from  Figures  12 

section'  of  th  “  thS  ^  <ba=* 

loc^t  ,  ”°t0r  Pr°bably  “  highly  dependent  on  the 

ation  Of  the  search  coil  and  what  is  the  operating  mode  of 

e  mo  or.  It  might  not  be  easy  to  predict  the  flux  linkage 


24-22 


24-23 


24-25 


"™*f"  for  th.  yoke  section.  Consequently,  to  theoretically 
calculate  the  core  losses  of  the  switched  reluctance  motor  is 
a  very  challenging  task. 

LOW  SPEED  OPERATION 

The  induced  voltage  waveforms  for  phase  one  and  yoke 

Figures' 15^  ^  ""  “*  754  °f  the  ratad  load  •»  shown  in 

9ures  and  16  respectively,  it  is  still  in  the  current 

oppmg  mode.  The  yoke  induced  voltage  waveform  is  much 

better  compared  to  those  of  earlier  cases  as  far  as  the 

distinct  pattern  is  concerned. 

ON  GOING  RESEARCH  AREA  AND  CONCENTRATION 

d)  Temperature  Profile  and  Thermal  Modeling 

Three  temperature  sensors,  LM3352  from  the  National 
■conductor,  were  installed  inside  the  motor  when  the  motor 

l  ’  The  l0Catl0ns  chosen  are  the  phase  winding,  pole, 
yo  e  section.  Unfortunately,  the  pinout  for  these  three 
temperature  sensors  are  not  identified  at  all.  significant 
amount  of  time  was  spent  in  determining  the  pinout  in  order  to 

.  *  Glrcult  to  read  the  voltage  which  in  turn  will  yield 

the  temperature  at  the  winding,  pole  and  yoke  section  of  the 
switched  reluctance  motor.  So  far,  the  pinout  for  two  out  of 
he  three  temperature  sensors  are  identified.  The  last  one 

durinrthan  nCt  be  determined  accurately  or  it  is  damaged 
uring  the  manufacturing  process.  Therefore,  it  is  an  on  going 

process  to  obtain  the  temperature  profile  at  difflent 
locations  of  the  switched  reluctance  motor. 
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Figure  15:  Induced  Voltage  Waveform  at  75%  of  Rated  Load  and 
500  RPM  for  Phase  One  Search  Coil 
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(2)  Core  Losses  Calculation  and  Prediction 

in  order  to  calculate  the  core  losses,  accurate  flux 
waveform  at  different  location  of  the  switched  -lu^ance 
motor  is  essential.  Presently,  effort  is  spent  on  getting  f 
^  the  induced  voltage  waveforms.  Once 

IZUsTls  completed,  core  losses  calculation  can  proceed  with 
ease  as  shown  in  reference  [5]. 

(3,  Thermal  Modeling  of  Switched  Reluctance  «°tor 

After  accurate  core  losses  data  are  obtained,  effort  will 
be  spent  to  get  a  decent  and  simple  thermal  model  using 
resistance  and  capacitor  elements  as  shown  in  reference 

CONCLUSION 

The  inductance  measurement  for  the  search  coil  wounded  on 
ZZ  yoxe  section  does  not  have  significant  changes  when 
Z  rotor  position  varies.  Thus  it  is  not  useful  in 
identifying  the  rotor  position. 

The  inductance  measurement  from  the  search  coils  wounde 

on  each  pole  faces  do  vary  cyclically  when ■  -tor 

poles  change  position.  It  will  be  better  «  utiUse  th 
slope  of  those  inductances  instead  of  absolute  values 
order  to  identify  the  rotor  position.  , 

With  the  limited  no.  of  stator  poles,  the 
which  can  be  achieved  through  the  search  coil  might 

very  course  or  limited. 

The  induced  voltage  and  deduced  flux  linkage  waveforms 
for  the  yoke  section  is  quite  irregular  in  nature, 
makes  the  core  losses  calculation  very  difficult. 

The  induced  voltage  and  deduced  flux  linkage  waveforms 


(1) 


(2) 


(3) 


(4) 


(5) 
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for  the  stator  poles  are  very  predictable  and  hence  pose 
less  problem. 
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of  utersTlfat  ne^seems^to"^^^  at  a  ,record  pace>  there  is  always  a  class 

fo^additioTal1  ^CP^jkw^  M18^6  Pr°gramS  ^  ™ 

swss  zssestjz  s=s 

usefto  V  l^Uai  '**’  ,hat  “*«-e 

t  CPU  power  of  idle  workstations  on  their  network  DCM  allows 

“tkrmum — - 

and^yr^^sr1  t;lopme;' of  the  ?istribu,ei1  »*««« 

providing  "*  “  mal“  mem°ry  a“d  SeCO"d“y  St°ra^ 

J'he  DCM  system  has  been  developed  under  AFOSR  contract  number  F49620  90  C  norm 
wo  k  of  ?,W  SyS‘ems,in,ef'atioI‘  laboratory  at  Wright-Patterson  AFB DCM nZn  a let 

UNIX  imp kTentauL^The  DCMStatrS'rUnning  VerSi°n  4*°'5  °f  IRIX’  the  SiUcon  Graphics 
eratingTystem^ "T*?  ^  modmcations  to  the  hardware  or  op- 
in  the  C++  lansuaee  Thp  n-  .een  designed  usmS  object-oriented  techniques  and  coded 

enhancements  to  tL'DCh^^^s^  “  appl!Cation  framework  for  future 

load  balancing.  nvironment.  Such  enhancements  might  include  fault  tolerance  or 
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Process  Migration  over  a  Network  of  Workstations 

Dallas  J.  Marks  and  David  A.  Charley 


1  Introduction 

Despite  the  tact  that  hardware  performance  continues  to  rapidly  advance , ^  ^ 

a  clL  of  users  that  are  always  unhappy  with  p_,  such  as 

can  be  labeled  as  intensive  users.  Intensive  users  tend  to  execute  *  g  '  In  a  ,  pical 

simulations,  around  the  clock  and  they  are  eager  to  find  additiona »mp  8  P 

working  environment,  much  of  a  facility’s  computmg  resources  ar these  idle 
not  complete  in  a  reasonable  amount  of  ttme.  Normally,  a  long-runnmg  process  won 

raigproce“ss  migration  refers  to  a  transparent  mechanism  that  allows  programs  to  be 
middle  of  execution  on  one  system  and  transparently  moved  to  mother  ^  e“  transparently 

Such  a  mechanism  allows  computation-intensive jobs  to  be  star  ed o^>  ^  again  when 

moved  when  these  systems  become  loaded  by  their  intended  us  ,  .  resources  of  an 

the  machines  become  idle  again.  The  ultimate  achievement  ’^^^  ^“at  cannot 
organization  can  be  fully  utilized,  providing  mtens.ve  users  with  additional  pow 

normally  be  found  in  their  hardware  budgets. 

1.1  Motivation  for  Research 

Process  migration  is  not  a  new  idea.  It  has  been implemented  in 

advanced  features  such  as  resource  sharing,  fault  tolerance  and  Svstem  [211 

process  migration  mechanisms  are  built  into 

Charlotte  [2],  and  Sprite  [7).  Using  a  custom  operating  restnct=  toe  nu 

that  are  available  to  run  jobs;  most  users  in  an  organization  rely  on  ,o  Je  *  new 

such  as  UNIX  to  run  commercial  productivity  applications  and  ar  operating 

operating  system.  However,  if  process  migration  can  be  ac :jeve  intensive  users  can 

system  such  as  UNIX,  average  users  may  continue  to  run  their  applicati 

use  process  migration  to  ’’borrow  their  workstations.  >  r^ni.  noweVer  most  have 

ordinary  users  will  not  choose  to  use  such  an  operating  qr. item  The  londor  outside 

System  [11,  9,  10,  3,  12,  14]  is  unique  because  it  suppor  s  p  g  ndor  m  is  very 

of  the  UNIX  kernel,  i.e.  on  top  of  an  unmodified  opera '*“* useful  in  application  areas 
powerful;  however,  it  has  certain  restrictions  that  prevent  it  from  be  g 
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processes  and  proces™thar!lie^h' mClUde  inabilit>'  to  mi8rate  communicating 

by  t0  th6  *?“  *  supported 

with  any  process  or  set  of  processes  our  Ion?  t  ?  pr°cess  migration  system  that  works 

a  process  migration  system  that  supports  the*' QUEST  Zritoed 


1.2  The  QUEST  Distributed  VHDL  Simulator 

a  . 


Patterson  Air  Force  Base  needs  a  powerful  v^d  designs> the  Coc^p!t  Avionics  Office  at  Wright- 
hardware  for  cockpit  display  generators  These  rn  ^  ^  “  the  deSign  °f  specialized 

generation  transports  and  fighters  and  in  a  nrnn  i  ^  ? SP  &yL  Senerators  will  be  used  in  next- 
The  QUEST  VHDL  Simulator  is  a  hkh  ^  re*r.°ft.,to  the  Advanced  Tactical  Fighter  [16]. 

execution  on  an  Es-Kit  multiprocessor5  at  the  "unbT  dlStr^ted. simulator  originally  written  for 
research  [6].  Distribution  and  toe  resulting  oardllel  ty  f  C™cm™tl  under  DARPA-supported 
performance  than  can  be  achieved  bv  ml'  •  ejCecutlon  of  multiple  objects  provides  greater 
simulator  has  recently  been tZd  to  ln^  °n  a  single  processOT'  The  QUEST 

features  of  this  port  include  shared  libra  '  7^  ^  ^  Graphlcs  4D  workstations  [15].  The  main 

interface  that  trLp^Sv^fJl  3126  reduCti°n’  and  a  Unipue  message-passing 

of  local  shared  memory,  ethernet  afd  SCRAMNet  *  W^,°bjectj  f  ng  a  hierarchical  delivery  system 
[5].  *  and  bCRAMNet,  a  high-speed  shared  memory  networking  system 

processes)  distributed  wlr k  & D ^  °f  simulation  objects  (UNIX 

VHDL  design  lab  has  only  a  handfu of UNDf Z  l* >  >  u^8’  the  C°ckpit  Avionics  Office 

However,  many  other  workstatffins  ^  T ^  ^  Capable  of  runninS  QUEST, 
used  for  real-time  flight  simulation  studies^ut ' “  6  &  netw?rk'  These  additional  machines  are 

A  process  migrationlystem  thl“  QUES^wm  ^  *""*  "****  “d  Ws' 

during  these  non-peak  usage  periods  yet  Iso  T  T™  USe  °f  network  resources 

fewer  machines  are  available.  The  ultimate  at®!JnuIajtlons  run  untd  completion  when 

capability  to  migrate  QUEST  simulator  objects  °Thec  *  nbuted.Con^ration  Manager  is  the 
uration  Manager  supports  migration  nfn  -he  current  version  of  the  Distributed  Config- 

supports  migration  of  QUEST  processes TaUnf  fSm*t  sbare^.libraries-  The  current  version  also 

processes  that  interface  to  the  hierarchical  communication  system. 


1.3  Terminology 


Several  terms  found  throughout  this  report  are  defined  here 

executi^Ziul  luZ%ZTt-  ^  *  ST" to  during 

or  host  machine.  h  V"""  *  kn°™  as  tba 

Migration  is  performed  byttfoktebuted  Confi  t  T  "  ““  ^ 
process  suspension,  checkpointing  and  restarting  p!?  '0"  Mana«er  m  a  ‘bree-step  sequence  of 

ing  a  process  to  halt  its  execution.  Checknninf  '  •  6SS  suspension  refers  to  the  act  of  command- 
state  for  later  execution  Our  svstem  ore/  ^  **  &  pr0cedure  that  saves  tiie  suspended  process 
Restarting  refers  to  ?**?£**  "  *  ^  kn0Wn  aS  the  checkpo^  file, 

process  begins  execution  from  £££  ^  ^  ^  "*“*•  a 

n-  emand  process  migration  refers  to  manually-controlled  process  migration  that  occurs  only 
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uv  +'j-1p  nqpr  These  rules  constitute  what  is  known 
at  the  user’s  request  or  according  to  rules  defined  y  '  .1  The  Distributed 

as  a  oolicv  specifying  which  processes  to  migrate  and  where  to  restar  • 

LflguraL  Manager  uses  an  on-demand  mechanism  that  is  user-initiated  w.th  a  graphical  user 

m‘ Writhe  Distributed  Configuration  Manager  uses  a  user-driven  policy,  it  is  possible tc > 
automated  policies  tor  controlling  the  process  migration  mechanism.  Twc ^  —ad 

policies  are  fault  tolerance  and  load  balancing.  Fault  tolerance  is  a  character. Stic  of  a  ^ 
dicating  that  it  is  immune  to  failure.  A  fault  tolerance  policy  would  be  resP“slb^,f“‘^n‘fj“g 
machines  that  are  about  to  shut  down  due  to  a  fault,  checkpointing  all t“  “tred  Load 
•  these  processes  to  new  hosts  or  restarting  them  on  the  same  machine  after  it  is  restored.  L 
baCTng  rZTo  dividing  processing  requests  equally  over  a  set  of  machines  usually  machine 
connected  to  each  other  on  a  network.  A  load  balancing  policy  would  be  responsible  for  determ.mng 

wLTmachines  in  a  set  were  either  too  heavily  loaded  with  " 

policy  would  use  process  migration  to  redistribute  processes  on  heavily  loaded  machines  to  1  g  y 

loaded  machines  to  insure  that  each  machine  in  the  set  was  equally  loade  . 

1.4  Report  Objectives 

Manager  to  be  easily  extended. 

1.5  Report  Organization 

^teTon  Configuration  Manager  and  the  achieved  ob¬ 

jectives.  Finally,  Section  5  outlines  several  directions  for  continuing  research. 

2  Background  and  Related  Work 

Process  migration  is  defined  as  "the  transfer  of  a  sufficient 

machine  to  another  for  the  process  to  execute  on  the  target  machine  20]  It  has 

mig  ato  mbhanism,  provide  a  brief  history  of  existing  systems,  give  an  overview  of  the  Condor 
Distributed  Batch  System,  and  analyze  how  the  UNIX  operating  system  stores  process  state. 
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2.1  Design  Considerations 


[7j.  These  considerations  should  be  satisfied  for  an  conslderations  for  system 

to  satisfy  these  considerations  for  ou  ntc  “y  ■*?““  migrat'°n  SyStem  and  our  «°al  has  been 
Manager.  process  migration  system  in  the  Distributed  Configuration 

•  Transparency 

aAnPJn“ro„Z;t°S  XlllTl  *7*  *  execution  environment.  Such 

sections.  ““f  “  "7  BucUm  in  the  “twork  without  re- 

that  uses  a  specific  hardware^  Z  L  J  “  7'gn  tradeoffs’  **  instance,  a  process 

because  the  hardware  resource  is  oniy  '°  " 

•  Minimal  Interference  with  the  System 

^^Z^TliT'Z  eXCeST  “‘I'' ““  WHh  dther  tha  —  being 
y  a  Wh°le-  The  mechanism  should  operate  atomically. 

•  Residual  Dependencies 

be  dr  t* to  minimize  “  « 

B.  the  process  should  no  longer’require  Mactoel  “  ““““  A  *°  Machi“ 

•  Complexity 

m^tbnTeL^X^XXeverv  CUS.‘°m 0»era‘in*  such  as  Sprite.  Process 

migration  mechanism  T*  “  °Perati°g  8ystem  kemel  PI-  The 

kernel.  6  C°mp'eX  even  wh“  »  implemented  outside  of  the 

is  n  thes7uddign  in  « 

goals  of  a  particular  process  mia  a«o„  ‘  mUSt  be  made  accordinS  ‘°  ‘he 

migration  mechanisms  exist  outside  of  tb  ”  r"  mstance>  our  lmplementation  requires  that  all 
Manager’s  migration  m^m  slim  T 7  k"™L  The  Dis«buted  Configuration 

of  increased  complexity.  nsparent  and  free  of  residual  dependencies,  but  at  the  expense 

2.2  Other  Implementations  of  Process  Migration 

pill XdattnTeCr  **  °f  Systems  bas  its  ««*  <W«a 

r,  process  migration  mechanisms  fall  into  two  broad  categories.  These  are: 

•  process  migration  inside  the  operating  system  kernel 

•  process  migration  outside  the  operating  system  kernel 

Configuration  Z^r p“ “7Z!  *  Z  7“"  dicta‘“  tha‘  tba  Abated 
aiternatives  are  autoL^S'blthTs  l"*.  ^  ^  °»  ^ 
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This  section  presents  the  Charlotte  [2]  and  Sprite  [7]  operating  systems  as  examples  of  process 
rnigl^n  mplementations  inside  the  operating  system  kernel 

System  [3l  is  presented  as  an  example  of  a  process  migration  implementation  outside  the  operating 

system  kernel.  Both  Smith  [20]  and  Ankola  [1]  offer  more  complete  surveys Znctnves 
systems-  the  purpose  here  is  to  show  the  differences  in  design  approach  when  kernel  data  structures 
al"ble  to  the  migration  mechanism  (Charlotte  and  Sprite)  and  when  they  are  not  (Condor). 

2.2.1  Sprite 

Snrite  is  an  operating  system  for  a  collection  of  personal  workstations  and  file :  servers  on  a  local 
area  network  [7]  Typical  Sprite  applications  include  parallel  compilation  and  Simula  lo  ; 
STfa  adding^rocess  migration  capability  to  Sprite  was  the  existence  of  idle  machines  on 
the  network  that  could  be  freely  used  for  additional  computational  power.  T  in 

Sprite’s  overriding  design  objective  was  to  provide  transparency  to  the  user,  transparency  in 
Sprfte  meins  that  access’s  behavior  is  not  affected  by  migration.  ts 
aonears  identical  on  any  machine  on  the  Sprite  network;  processes  have  global  access  to  reso 
such  as  files  and  devices  An  additional  benefit  of  transparency  is  that  a  process  s  appearance  to  the 
1st  of  the  world  is  not  affected  by  migration.  Unlike  process  identifiers  in  systems  such  as  UNIX 
Sprite  processes  use  global  identifiers.  The  system  and  its  users  always  see  processes  nmn“S 
their  original  hosts,  even  if  such  processes  are  executing  remotely.  For  instance,  a  us“ 

L-n  remote  machine  to  halt  a  process.  Because  the  process  appears  to  be  executing  on  the 

user’s  desktop  workstation,  the  process  may  be  killed  directly  on  the  host 

A  database  of  idle  processors  is  maintained  by  a  central  migration  server.  Load-average  daem 
professes  on  each  marine  notify  a  central  migration  server  when  machines  are  determined  to  b 
idle.  When  a  user  requests  that  a  process  run  remotely,  this  central  migration  server  selects 

mi“gf  Th"tt7I?Tdlltsrtes  is  automatic,  the  migration  policy  is  determined  by  the 
user!  Ihocessefarefnitiated  from  a  home  machine,  typically  on  a  user’s  desktop^  A  ho™hm 
is  the  machine  where  a  process  would  execute  if  there  were  no  migration  at  all The >  use r  may 

request  migration  during  process  startup  (remote  invocation)  or  during  e^e  q  P 

itirm^wtere  it  continues  to 

execute  until  a  new  idle  host  is  found.  .  ,•  ,  napps  Gf 

The  Sprite  migration  mechanism  operates  by  terminating  a  process  and  storing  dirty  pages 

the  process  virtual  address  space  in  a  special  file.  When  the  process  is 

will  retrieve  these  dirty  pages  as  the  process  executes,  using  a  form  of  laz ^pymg. ^Many  m  g 
systems  transfer  the  entire  virtual  address  space  to  the  new  processor  before  the pr°«^ co, 
execution.  Because  Sprite  delays  the  loading  of  the  virtual  address  space,  it  can  achieve 

performance  minimized  residual  dependencies  but  not  eliminated  them. 

Although  proceL  leave  no  residual  dependencies  on  remote  hosts,  all  processes  have  a  residua 
dependencyT  heir  home  machine.  Some  kernel  calls  achieve  transparency  by  forwarding  requests 
SThe  home  machine,  such  as  gettimeofday().  Because  of  the  residual  dependency^  thejiome 

machine,  users  are  unable  to  migrate  processes  to  a  new  home  machine  m  providing 

the  Sprite  system  designers  felt  that  achieving  transparency  was  more  important  than  provi  mg 

reliability. 
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2.2.2  Charlotte 

rr-^rr desisned  for  ~p-~°  ^  di, 

to  the  operating  system “ “  W  b““  ad« 

has  Charlotte  uses  no  specific  policy  for  migration.  Instead,  it 

The  migration  mechanism isToS  Underl!'in*  mechanism, 

premature  cancellation  “  migrat  on  PoH  ’  “^.“-“rent  multiple  migrations  and 

modified  to  support  r^lhE  *"  ”  “  Ut'hti“  “d  “»  created  and 

freeaeftt^e’ss*1 ^dTndVft"^!?^  “  “*  addre88  8pa“-  Charlotte 

is  easy  to  implement;  however,  it  *-*  ^  ™8  ”^d 

to  mrinta^in^this^etdur^^ThTmigration0^6^^6  ^  ”*«“*“  ha8  b“» 

Therefore  failure  of  the  source  Zte  (  ffTr n°  reSidual  depe"d<»cies  on  the  host, 
process  on  that  host.  d  ^  he  process  unless  “  is  communicating  with  a 

2.2.3  The  Condor  Distributed  Batch  System 

m!grati°n  designed  and  developed  at 

11/750  minicompuTeL  orer  O^S^Tr  d  T  T  ^  “  *“  “  network  of  VAX 
platforms  including  Sun3  Sun  Snare  up  PA  p  ion  td\  ^  be6n  ported  to  ten  different  hardware 
Graphics  4D  UNIX  systems  As  oTf,  f™’  RS/6°00'  DEC  Station,  and  Silicon 

version  of  *  T,  ^  ^  *°  DE°  Alpha  chines  “d  a 

are  under  development  [13],  P  PVM  6  Programming  environment,  Condor-PVM, 

us  Jh: ril™  t”  ^ °f  »«  casual 

quently  do  large  numbers  of  simulation  °r  mtensive>  users  are  ’’people  who  fre- 

happy  with  juft  a  workstation  hie  7  C°”bm,t.onc  “^hes.  These  people  are  almost  never 
Unlike  the  ?  \  P°WerW  e"°U*h  *°  meet  th*  [3J. 

hours  a  day.  Y  7  US6rS’  intensive  users  often  keep  their  machines  busy  24 

to  satisfyfhe  “eds^heavy  Tera"  cZjf'6  S"  ^  a"d  occasioni%  heavy  users 

workstations  in  the  local  network  Mach’  1  Th  7^  ™°mtors  tke  actlvlty  °n  all  participating 
resource  pool,  or  processor bank 7  “?  determined  to  be  idle  are  placed  into  a 

they  become  idle  and  leave  when  busy.  ^  &  ynamiC  Gntlty;  workstations  enter  the  bank  when 

Features  of  Condor 

Condor  has  been  designed  with  the  following  seven  design  characteristics  [3]: 

L  UNK  k— ■  a"-s  users  of  Condor  to 

1  ““ 
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o  The  local  execution  environment  is  preserved  for  remotely  executing  processes  using  a  shadow 
3'  A  shadow  process  runs  on  the  local  machine  and  execu ites ^ng 

svstem  calls  on  behalf  of  a  remotely  executing  process.  Shadow  processes  are  y 

the  remote  environment  is  not  identical  to  the  host  environment.  For  example,  machine 
different  time  zones  or  with  different  file  systems  require  the  shadow  process  mechams  . 

4.  The  Condor  central  manager  is  responsible  for  locating  and  allocating  idle 

dor  users  do  not  have  to  search  for  idle  machines,  nor  are  they  restricted  to  using  machines 

only  during  a  static  portion  of  the  day. 

5.  Owners  of  workstations  have  complete  priority  over  their  own 

executes  processes  only  when  an  idle  machine  is  foun  .  en  an  wo  processes  back 

to  reclaim  his  or  her  workstation,  Condor  will  automat.cally  move  all  remote  processes  back 
to  “^or  to  another  idle  machine.  Condor’s  operation  is  transparent  to  other 

system  users. 

6  Users  of  Condor  may  be  assured  that  their  jobs  will  eventually  complete.  If  a  user  submits  a 
S,  to  Condor  which  runs  remotely  but  is  not  finished  when  the  workstation  owner  returns, 
the  job  will  be  checkpointed  and  restarted  as  soon  as  possible  on  another  machm  . 

7.  File  systems  of  remote  execution  sites  are  untouched  by  remotely  executing  jobs i,  J eventing 
Condor  from  cluttering  up  private  disk  space.  This  problem  can  be  elimmated  if  a  transpar 
ently  distributed  file  system,  such  as  NFS,  is  used. 

Limitations  of  Condor 

Although  Condor  is  a  powerful  environment,  it  does  possess  limitations  [3,  14].  These  include. 

1.  Migration  is  limited  to  single-process  jobs;  programs  that  use  the  fork(2),  exec(2),  and  similar 
calls  cannot  be  migrated. 

2.  Signals  and  signal  handlers  are  not  supported;  programs  that  use  the  signal(3),  sigvec(2),  and 
kill(2)  calls  cannot  be  migrated. 

3.  Processes  using  interprocess  communication  (1PC)  cannot  be  migrated;  the  socket(2),  send(2), 
recv(2),  and  similar  calls  cannot  be  used. 

4  All  file  operations  must  be  idempotent.  Read-only  and  write-only  file  jesses  work  correctly, 
’  but  programs  which  both  read  and  write  the  same  file  may  not  work.  In  add.tion,  memo  y 

mapped  files  are  not  supported. 

5  Each  Condor  job  has  an  associated  checkpoint  file  that  is  approximately  the  size  of  the  process 
Sdress  space.  Enough  space  to  store  the  checkpoint  file  must  be  avarlable  both  on  the  host 

and  remote  machines. 


6.  Processes  that  use  shared  libraries  cannot  be  migrated. 


Many  programs  do  not  require  these  advanced  operating  system  features;  h°we^-‘^at”“ 
should  be  supported  by  a  process  migration  mechanism  if  it  is  to  be  considered  universal.  The 
Distributed  Configuration  Manager  demonstrates  that  the  Condor  migrate  c“  be 

extended  to  support  shared  libraries.  It  is  conceivable  that  extensions  could  be  made  for  better 

and  multi-process  support. 
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2.2.4  Discussion 

if  th:  °rrinrystem  kemei  »*  b*  — ,  «- 

Manager  migration  mttrfsm !  Migr"  ion “Tst  th  “k  ^  °f  DMb^d  Configuration 
because  kernel  data  structures  that  store  oroce  ernel  presents  some  challenges,  particularly 

modification  also  limits  the ^  amount^ c»"ot  be  accessed  or  modified.  Lack  ot  kernel 
is  apparent  from  the  analysis  of  Sprite  and  C'riTW  *  Ca”  mcrease  Performance.  However,  it 
not  solve  all  performance  problems  ^  eVen  migrati“  ”  ‘te  kernel  do 

2.3  Basic  Components  of  Process  State 

stored.  The6  process  state *t  bfidentifed  brfore  ““P0"6”18  °f  a  process  sUte  “d  h™  ‘hey  are 
In  general,  process  migration  involves  three  steps  [1]:  Pr°Ce!S  m,Srat,°n  *  ““  *  COnStructed' 

1.  Suspension  of  a  process  on  its  original  (source)  machine. 

2.  Transfer  of  process  state  to  a  new  (target)  machine. 

3.  Resumption  of  execution  on  the  new  host. 

of  the  susrpendedteprocessny  ThT ptoST ^  “echanis™  is  recovering  and  transferring  the  state 
the  Distributed  cSN^CkT^"4^  U8ed  by  CondOT  “d  m°diffed  for 
Because  the  migratio «  “  °P.erateS  on  top  °f  the  UNIX  kernel. 

obtained  without  illegal  access  to  internal  P  /  j  °f  6  operatmS  system>  process  state  must  be 
be  determined  directly data  structures.  When  the  process  state  may  not 

forward  the  state  to  the  target  or  use  S  1  er  eave  the  state  on  the  source  machine  and 

The  designers  of  the  Sprite  operating  syst^7Hdentif  ^  ^  ^  sacnficinS  transparency, 

computer  process:  S  system  [7]  identify  five  components  of  the  state  of  an  abstract 

•  Virtual  memory 

•  Process  execution  state 

•  Open  files 

•  Interprocess  communication 

•  Other  kernel  states 

These  five  states  are  examined  in  detail  below. 

2.3.1  Virtual  Memory 

data  tkeTthebdkl0”3  ^  “d  ^  that  a  —  d™°S 

text  is  stored  in  an  a.out  or  executable  file  Most  DNIxlmpT'  t  ^  SyS‘emS’  pr°gram 
System  V  COFF  file  format  In  addition  t n’t  t )st  UNIX  implementations  use  a  variation  of  the 

prior  to  system  executio^  ^  “ble  file  aIso  initialized  data 

is  stored  by  the  UNIX  system  in  a  core  file  VirtuaT5™  ^  ^  P°mt  °f  pr°Sram  susPension 

in  Section  2.5.  Virtual  memoiT  under  UNIX  will  be  discussed  further 
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2  3.2  Process  Execution  State 

“LS  btct;trh^;L“ers,  «- 

progr^n  Counter  ,aadS  the  condition  codes.  This  information  is  needed  when  a  process  rs  saved 
an/ restored  during  a  context  switch.  Although  this  information  is  hardware  sPecl^c 
Distributed  Configuration  Manager’s  migration  mechanism  permits  no  i  ega  acc^  ° 

TINTX  nrovides  a  set  of  user-level  routines  for  preserving  context.  setjmpO  and  iongjmpy 
setimpf)  system  call  preserves  the  process  execution  state  and  longjmpQ  system  call  restores  a 

state  preserved  by  a  previous  call  to  setjmp().  The  benefit  to  the  process  miS^  lon  vendor 

a  though  these  system  calls  deal  with  system-specific  data,  they  must  be  ported  by  the  OS  vendo 
as  part  of  the  UNIX  standard.  The  use  of  these  functions  may  be  found  m  any  UNIX  systems 

programming  guide  and  are  not  discussed  here. 

2.3.3  Open  Files 

According  to  Ankola.  "information  about  open  files  is  one  of  the  most  difficult  [his 'empteis] 
pieces  of  Information  to  transfer”  [1].  A  process  must  store  state  information  for  each i  open  . 
The  state  of  an  open  file  includes  the  file  identifier,  file  access  pointers,  and  any  cached  block 

:hr:£:“ 

3Th“io:  "pmis;  migration  with  apE 

[11  and  the  current’ implementation  of  the  Distributed  Configuratjon  Manager  also  ignores  open 
file  support  Supporting  open  files  increases  the  complexity  of  the  process  migration  aid  edu«s 
overall* performance  of  the  migration  system.  However,  the  open  ffie  mechanism  could  be  added  to 
the  basic  system  at  a  later  date  if  such  support  is  considered  mandatory. 

2.3.4  Interprocess  Communication 

The  state  of  communicating  processes  is  difficult  to  define.  At  any  given  time,  a  process  may  be 
re^dffig  c^mmuniaition  data,  receiving  communication  data,  or  not  communicating  at  alh  Migration 
of  snob  processes  is  difficult  because  most  of  the  communication  state  is  known  only  to  the  opera  g 
system  kernel.  In  addition,  a  process  that  is  migrated  while  sending  or  receiving  messages  may  n 
be^recovered  properly  because  the  entire  message  cannot  be  retrieved.  Because  the  state  of  the 
clmuffication  system  is  difficult  to  obtain  from  outside  the  kernel,  migration  systems  such  as 
C  “do  not  support  communication.  However,  many  research  operating  systems  have  been 
constructed  with  process  migration  as  a  goal;  however,  designers  of  such  sys  ems  av 
of  rlpsio-nine:  and  maintaining  kernel  data  structures  to  aid  in  this  task. 

ZS  of  communicating  processes  outside  the  kernel  can  be  achieved  through  the  use  of 

a  user  level  communication  package.  Unlike  operating  system  c communication. 
as  sockets  and  shared  memory,  a  user-level  communication  package  provides  the  migration  system 
TJZer 12  access  to  its  own  internal  states.  In  addition,  the  user-level  package  can  be  modified 
unlike  the  operating  system.  Migration  of  communicating  processes  outside  of  the  kernel  has 
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CMn".1  tS  “E7“LXrVhrPE/raPhiCS  ‘“f  “  deVd0»ed  at  «“  University  of 

... «.  iUi  tes;rs,£=S;  ;sr ~ * 

2.3.5  Other  Kernel  States 

With.efh  -h  as  the  process  identifier,  user 

source  usage  information  In  the  desiV  f  nm6n  &  varia^les,  signal  masks  and  handlers,  and  re- 

kernel,  thif  state“'  una^hZ SvsLZXTX  ‘ ^  ^  that. ««*>  of  the 
create  a  new  corresponding  state  on  the  t  .  suc  as  ondor  ignore  this  kernel  state  data  and 

For  example,  a  migrated UNIX mol,  l  .T  T  ™S  reSultS  SOme  loss  of  ‘™»P«ency. 

is  different  tan  the  vlfa  ined X I  *  “Z  ^  id“tifc  by its  ”»  ^st  that 

process  that  needs  “  '°S‘  b—  ^ 

fier.  In  contrast  to  UNIX  transparency  for  n  ™,US  aware  of  tlle  new  process  identi- 

system  because  “  ?**?*  “  the  Sprita  <*«»*■« 

consistent  process  identifier  during  its  execution.  &  “  Y  "  a  machmesi  a  process  maintains  a 

2.4  Process  State  in  the  UNIX  Operating  System 

me  “r^ropen “  “X"  b°‘b  «  in  main 

Configuration  " X  S“d  in  ‘ha  Distriba‘a“ 

space.  This  section  discusses  the  UNIX  System  V  COFfIX  t  f  ”  *heprC,Cess  virtuaI  address 
format  for  storing  program  debugging  A  u  ul  ?  *  for  Coring  programs,  the  core 

COFF  and  core  formats  togethe/lith  ih  ’  h°W.  both  formats  support  shared  libraries.  The 
the  checkpointing  r^clmni^m^discuss^ed^in6 section^.  S^a^6  **  ^  the  backbone  of 

2.4.1  The  COFF  File  Format 

UOTX  sXet  vXrcXrcoXfiies^.  T™  COFFdJfiniuX  X"  ^  StrUC‘Ure  °f  ^ 
that  represents  object  files  executahlp  fil  a  u-  mtjon  describes  a  complex  data  structure 

implementation  IRIX.  The  hX  Me  format  uTed  bTt  Wm?  S“iC°n  &apbicS  Calls  their  UNK 
of  the  basic  COFF  file  format  of  UNIX  System  V.  6  RK  °peratm®  system  18  811  enhancement 

The  Basic  Elements  of  COFF 

1  Xr  “ operating  system  t0  ^  mpltipfe 

system  to  protect  the  text  from  modifier  '°n  r°m  e  Program  data  also  allows  the  operating 
contains  values  that  are^set  to^ecific^^ues°n  *  T™*"?  (™‘e-protection).  Initialized  date 
is  not  write  protected  like  the  text-  it  i«  A  u  executlon  a  Pr°gram.  The  initialized  data 

of  the  program.  Uninitialized  data ’can  aWh^  ,rc  jX  "X?*  and  "'ri‘mg  durin«  the  execution 
to  specific  values.  UninitfoltdlaXs  not  st  ’  **  ^  SUch  data  is  «*  WttUtad 

operating  system  mnst  ^  ^ 
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The  COFF  format  organizes  all  three  information  types  into  individual  areas  called  sections. 
They  are  named  as  follows: 

•  The  text  section  contains  machine  instructions 

•  The  data  section  contains  initialized  data 

•  The  bss  section  contains  uninitialized  data 

The  text  section  contain  executable  machine  code  and  the  operating  system  treats  it  as  write 
protected  The  data  section  contains  initialized  program  data  and  is  readable  and  wnteable The 
bss  section  does  not  actually  store  data  (because  this  data  has  no  initial  values  ^  “s‘“d  ^ 

the  size  of  uninitialized  data.  It  tells  the  operating  system  how  much  v.rtua Merton  when 
for  the  executing  process.  The  bss  section  is  generally  made  contiguous  with  the  data  section  wnen 
the  program  i^foaded  into  virtual  memory.  All  UNIX  systems  initialize  the  bss  section  to  zeros 
when  it  is  created  in  virtual  memory.  The  bss  acronym  comes  from  IBM  main frame  terminology, 
bss  means  memory  Block  Started  by  Symbol,  a  block  of  memory  that  is  not  initl^ei  ^ 

The  COFF  definition  also  specifies  a  symbol  table  and  a  string  ta  e.  y  . 

used  by  high-level  languages,  such  as  C  or  C++,  to  store  symbols  V“  t 

names  These  symbols  are  invaluable  during  the  debugging  process.  The  string  table  is  use 
coXction  with  The  symbol  table.  It  defines  symbols  that  exceed  the  eight-character  limit  of  the 
symbol  table  format.  Because  the  symbol  and  string  tables  are  only  useful 

UNIX  implementations  provide  utilities  to  strip  the  tables  from  an  executable  file  reduce  th 
program  file  size.  This  operation  is  generally  performed  after  program  developmen  . 

The  Benefits  of  COFF 

The  COFF  definition  provides  the  UNIX  system  with  two  major  benefits:  enhanced  portability, 

“dmTcOw3S.  enhances  portability  because  it  provides  an  abstraction  betweer .  the 
specifics  of  a  hardware  platform  and  the  basic  fundamentals  of  a  software  program.  Mach 
instructions  vary  from  machine  to  machine  and  even  data  can  be  stored  in  different  formats  (su 
"wiTLd  big-endian).  COFF  minimizes  and  localizes  the -mount t  o  -chine  ependen^ 
code  in  different  ports  of  the  UNIX  operating  system.  Most  of  the  porting  work  of  the 
operating  system  involves  changes  to  the  C  compiler  code  generator,  assembler,  debuggers  and  a 
rSzed  areas  in  the  kernef  such  as  the  program  entry/exit,  system  cal  serv.ee,  and  mte  ru£ 

tables  [81.  Enhanced  portability  also  aids  process  migrat.on,  as  w.ll  be  ^  0 

all  UNIX  variants  follow  the  basic  COFF  format  to  varying  degrees,  much  of  the  code  needed 
perform  migration  can  be  reused  when  porting  the  process  migrat.on  mechamsm  to  d.fferent  UNIX 

Pla  ThTcOFF  definition  also  provides  a  framework  that  allows  for  system  extensibility.  Additional 
sections  may  be  added  to  the  basic  COFF  definition  to  implement  features  exclusive  to  a  particular 
version  of  UNIX  or  to  take  advantage  of  the  underlying  hardware  architecture.  For  example  th 
Silicon  Graphics  IRIX  object  format  [17]  stores  initialized  data  in  three  data  sections  rather  th 
one.  These  are  the  read  only  data  section  (rdata),  large  data  section  (data)  and ™  ^  th  e’uo  ck 
(sdata).  The  IRIX  object  format  also  stores  the  bss  data  in  two  sec  !°“S; 

started  by  storage  section  (bss)  and  small  block  started  by  storage  section  (sbss).  This  additional 
subdivision  of  sections  allows  the  linker  to  localize  data  by  its  type  to  enhance  system  performan  . 
A  diagram  of  the  IRIX  extended  COFF  format  is  shown  in  Figure  2.2. 
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by  its  ba*  format  and  has  been  modified 

Unfortunately,  .uTSLL 12JSZL ^  Tb“,ty  "  m“bme-independent  data  formats, 
of  process  migration,  the  ability  to  enhance the  COFF  d! V  ^ °f. the  checkP°inting  mechanism 

pointing  mechanism  and  requires  ^peci^^hmig^for^ eaoh^latformsupported!^^^  ^  C*leC^" 

2.4.2  The  core  File  Format 

The  most^common ^errors  Ire  memorTvTol  F  &  process  when  any  of  v^ious  errors  occur, 

quit  signals.  The  process  of  generating  a  *  ^  ^  mstructlons>  bus  err°rs,  and  user-generated 

early  mainframes  that^  used  T^eT  “  *  ^ 

state  of  a  process  when  it  terminated  into  .  fit  a'  P  p°s°  of  the  core  lmaSe  ls  to  store  the 
examine  both  the  original  program  aid  the  ^  *  8ymbolic  ^bugger  can  then 

wrong.  ®  P  S  “d  ‘he  COre  ,ma«e  and  ^  tba  user  to  determine  what  went 

IRIX^telSS,bytMif^,^r°21^“I!  '.maSe  is.de*ned  by  <core-out.h>.  The  core  format  for 
conshds  of  a r  hLer,  1^2^^  ‘°  *  *"“*■  » 

array,  and  the  corefile  looltion  rf’them^^iy1’6  Ca“Sed  U‘C  C°re  dump’ the  descriP‘or 

the  general-purpose  reghiters^at^the^time  of6^  *"*7  «“*■  «“  *•?*« 

and  length  of  a  section  of  the  process  at  the  timeofth  UmP’  J  ^  defines  the  Vlrtual  address 

core  image  at  the  file  location  given  in  th  ri  ■  ?  6  ,C°^  dump-  maP  data  is  present  in  the 

The  process  stack and  dl  s^Z  j^  descnptor  only  if  the  VDUMPED  flag  is  set  in  the  map. 

the  COFF  file  such  as  standard  wt  a  wntten  m  the  core  ^age  while  data  available  in 

possible  map  types  that  may  be  stored!  the'core!  ^  ^  ^  ^  different 

•  VTEXT  text  map  (not  normally  present  in  core) 

•  VDATA  data/bss  map 

•  VSTACK  stack  map 

•  VSHMEM  shared  memory  map 

•  VLIBTXT  shared  library  text  map  (not  normally  present  in  core) 

•  VLIBDATA  shared  library  data  map 

•  VGRAPHICS  graphics  hardware  map 

•  VMAPFILE  memory  mapped  file  map 

is  tof7hd  in  the  core  image- For  instance’ the  data/bss 

execution  state.  The  shared  librarvdat  pace°  e  process.  The  stack  map  contains  the  process 

to  restore  the  sta e of  ^  ™  checkP0-ting  mechanism 

Configuration  “  a  Pr°CeSS‘  Alth°USh  Condor  the  Distributed 

data  is  available  in  the  core  image.  Mechanic  memory , or  mem°ry  memory  mapped  files,  the  state 
way  that  existing  mechanisms  restore  data/bss^sUck,  and  Ihare ^  ^  ^ 
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2.4.3  UNIX  System  V  Shared  Libraries 

“  IIaTunTx  system,  common  code  libraries  are  typically  stored  in  archives^  An  archive  is  a 

examples  of  archived  libraries  on  Silicon  Graphics  systems  include  the  GL  g  P  L,  s 

Font  Manager  library.  Again,  these  are  libraries  that  are  used  by  a  signi  library 

Improved  system  performance  can  be  achieved  by  storing  common  libraries  such  as  the  C  h i  y 

in  a  manner  such  that  only  one  copy  exists  on  disk  and  in  physical  .  ,“ay 

A  shared  library  is  "a  file  containing  object  code  that  several  a.out  [executable]  hies  may  us 
Lultaneously  while  executing.”  [18]  The  current  shared  library  implementation  in  IRIX  is  based 

on.  System  V  Release  3  specifications. 

Advantages  of  Shared  Libraries 

A  shared  library  offers  several  advantages  over  simple  archives  by  not  copying  code  into  individual 
executable  files.  It  can: 

•  save  disk  storage  space 

Because  shared  library  code  is  not  copied  into  all  the  executable  files  USe  the 

oroerams  built  with  shared  libraries  are  smaller  and  use  less  disk  space.  This  not  y 
space  but  requires  less  I/O  activity,  a  major  performance  penalty  m  any  compu  er  sys 

•  save  memory 

By  sharing  library  code  at  run  time,  the  dynamic  memory  needs  of  processes  are  reduce  . 
Again,  I/O  activity  is  reduced  by  reducing  both  paging  and  swapping  ac  ivi  y. 

•  make  executable  files  using  library  code  easier  to  maintain 

Because  shared  library  code  is  loaded  into  a  process’  address  sPace  ""‘“Ahe  steed 
library  may  be  updated  without  requiring  updates  to  all  of  the  processes  that * 
library.  Such  updates  are  not  possible  with  standard  archives;  updating  a  standard  arch 
will  require  all  programs  using  the  archive  to  be  relinked. 

Organization  and  Operation  of  Shared  Libraries 

library^ u^ed  otenfedittog  of  a  program  includes  relevant portions 

into  the  executable.  The  target  library  closely  resembles  an  executable  file.  This  1 

operating  system  if  an  executing  process  needs  a  shared  library.  defines 

An  executable  linked  with  a  shared  library  will  contain  a  special  section  called  lib  that  dehnes 
whii  shTred  Ubrai/es  are  needed.  When  the  program  is  executed,  the  operating  system  will  use 
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”akes  Xe!^  °f ‘he  pro“ss-  ™s 

%*»**  bb^  which  is  where  text 

own  private  data  region  (contiguous  area  of  virtual  HPr0Cess  uslng  data  from  ,  he  library  has  its 
the  target  library).  Processes  that  share  t»  t  ,i  space  that  mirrors  the  data  section  of 

not  interfere  with  one  another  The  target  I  h  °  Shar<i  data  and  stack  area  s0  ‘ba‘  ‘bey  do 
can  share  its  text  but  „T‘L  data  Li^’oZ  *°h  *  ^  ^  “ 

pT;mboTs;  irnrvz6  execute  permission  to  -  “JX  y  target  has  access 

phase;  however,  a  shared  libraiy  i’ontl'ZZLh't  U  ^  executable  durinS  ‘he  link 

the  symbols  in  the  host  library  and  the  tlrvet  nf  l°  P  a  >CTel  indirection  between 

with  absolute  addresses  that  do  not  chanve  exeau  a  fc-  ^  branch  table  associates  text  symbols 

a  jump  instruction  Zhe  ad o  thetdZL^  ‘f  Cha"ged'  Each  address  Iab* 

allows  the  shared  library  to  be  undated  L  ^  ‘  a,  S?mbok  The  use  ot  the  branch  table 

recompiling  applications  that  use  the  sharedZary  “  1  6  addlt‘°n  °f  additional  functions  without 

the  standard  COFF  definitioZheTib  and Z  '‘Z7,  ll ’  *lU  contain  ‘wo  additional  sections  to 
information:  the  addresses  of  the  r  d  ^  “*>  SeCti°n  COntains  ™ly  -location 

init  section  is  always  present  in  the  ST  r  Unllke  tbe  standard  COFF  definition,  the 

the  only  part  30PF  definiti°"-  Tba  iait  a“ti«  is 

of  initialization  statements.  In  an  executable  thaTZ”  of  the  axeautable  file-  It  contains  a  series 
32  bytes  long.  In  an  executable  that Z .h  d  ,  n  ?hared  bbrar,es'  the  ™t  section  will  be 

on  the  initialization  code  present  in  the  eharrftibrSe^?  ““  SeCt'°n  Wil’  ^  '“S"  dependinS 

Building  Shared  Libraries 

•  Choose  region  addresses 

•  Choose  the  pathname  for  the  shared  library  target  file 

•  Select  the  library  contents 

.  Rewrite  existing  library  code  to  be  included  in  the  shared  library 

•  Write  the  library  specification  file 

•  Use  the  mkshlib  tool  to  build  the  host  and  target  libraries. 

thefwd  HbtTd“  b  SySt6m  d~tati“-  S™ >1  requirements  are  placed  upon 
1.  Fixed  virtual  addresses  must  be  specified  that  do  not  conflict  with  existing  shared  libraries, 
inside  the  file^y” tern  mteZlted)'^  ^  Sped,ied  <a  shared  librar.y  cannot  be  moved 
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3  The  most  difficult  step,  from  practical  experience,  is  writing  the  library  specification  Me.  The 
proceTof  building  a  shared  library  is  very  tedious  and,  not  surprisingly,  is  the  source  of  most 
of  the  limitations  of  using  shared  libraries. 

Limitations  of  Shared  Libraries 

Although  shared  libraries  provide  many  advantages,  the  current  implementation  has  a  number rof 
disadvantages  The  first  limitation  is  the  requirement  that  shared  library  text  and  data  report 
be  sSTbound  to  a  specific  virtual  address.  These  addresses  --""“conflict 
references  to  shared  library  procedures  and  data  may  be  resolved  a  1  .  i.  .• 

can  arise  if  the  software  developer  chooses  to  use  two  or  more  shared  hbranes  in  e  same  ap^g 
that  require  the  same  virtual  address  space.  In  this  case,  one  or  more  o 

be  rebuilt  to  exist  at  an  unused  address  range.  ,  .  .  ,  ...  ■  tu„v  are 

This  problem  is  alleviated  somewhat  by  the  second  limitation  of  shared  libraries,  they 

between  a  library  reference  in  an  application  and  the  actual  location  o STbe  m^fied  for 
librarv  The  branch  table  is  provided  as  a  convenience,  as  a  shared  libra  y  , 

nZcem^ts  or  bug  fixes  whhout  requiring  programs  that  reference  the  shared  hbrary  tc .  be 
recompiled.  However  the  creation  of  the  branch  table  is  tedious  given  he  current  state  of  shared 
librarv  tools  The  tedium  of  shared  libraries  can  be  eliminated  with  better  tools. 

11  The  ffitd  limitation  is  that  the  location  of  the  shared  library  is 
that  use  it.  This  requires  any  user  shared  libraries  to  be  stored  m  a  fixe 

flexible  svstem  would  allow  shared  libraries  to  be  physically  relocate  •  ,  ,  1;i 

The  ourthlimitation  is  the  difficulty  of  using  imported  symbols.  K  a  “-t-n -n  a  sh-ed  hb  ary 
uses  the  printfO  function  in  the  standard  C  library,  the  printf()  symbol  must  be  redefined  w.th  a 

—  i^Swc^shar^lib^theC^ 

asKSgiS  Sis 

this  utility  was  obtained  from  John  Wilkinson,  its  author,  during 

library.  mkCCshlib  automatically  generates  a  branch  table  for  the  shar  V  be 

r  librarv  svmbols  it  finds  in  the  shared  library  objects.  C++  library  symuui 
redefined  by  the  shared  library  builder;  however,  mkCCshlib  displays  an  error  message  for  any 
undefined  C++  library  symbols  with  explicit  directions  on  how  to  perform  redefimtio _ 

Many  of  these  deficiencies  have  also  been  resolved  in  the  newest  version £ 
system,  System  V  Release  4  (SVR4).  SVR4  and  its  shared  library  implementation  are  discussed 

section  4. 


3  The  DCM  Process  Migration  System 

The  process  migration  system  in  the  Distributed  Configuration  Manager  consists  of  two  components: 
the  Migration  Policy  Manager  and  the  Migration  Server.  The  Migratron  Policy  Manager  uses  user 
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f  TZ  fr  (GraphiCal  User  Interface)’  tr“sIati«* 

policy  used  by  the  Migration  Policy  Ma  ^  S  6  lgration  Server.  This  section  outlines  the 
the  Migration  Server.  7  ^  the  °Perati°n  °f  the  checkpointing  mechanism  of 

3.1  The  Migration  Policy  Manager 

Network  Configuration  DatlbTe  eon  T  T  f1”  SUch  “  vi-  Each  ™chine  entry  in  the 

such  as  the  number  of  processors  and  do  k  6  I\ame  ?  u  &  fiaciime> lts  Performance  characteristics 

processes.  Machine  availability  is  controUed'by’ Z S  ara' M V1™™6 tornnDCM 
Configuration  Database  needs  to  be  modified  onlv  u  S  ,  ?hlCa  user  mterface.  The  Network 
network  and  therefore  does  not  change  often.  7  W  “  machmeS  are  added  or  removed  from  the 

This  list^of^processes°is  known^olWp0]  aIlst  of  Processes  that  are  capable  of  migration. 

as  a  migration  pool  database  entry,  o^MPD  en^^T^e  moce01  and  “  entry  is  known 

pool  entry  is  known  as  a  migration^*  date.  Each 

of  the  process,  its  name  tbe  full  u  i  u-  ,  lry  contains  the  UNIX  process  id  (pid) 

on.  Like  the  Network  Configuration  Datah*  °Cfh°  A/r*0  *  6  ^  System’  and  the  Processor  it  resides 
however  its  existent  ,  °nhgUratl°*  ?atabase’  the  Migration  Pool  Database  is  stored  as  a  text  file- 

Network  Configuration  Dltabaseenthe°MSerSt°f  D“*ributed  Configuration  Manager.  Unlike  the 

"5  ss"  -  — i’i-  c  i™.1zr 

DCM^rlphkafuser  i^erfl!^  f°r  migratl°n  and  initiates  the  Policy  Manager  using  the 

5'  [oXSla7er  haS  itS  checkPointing  procedure,  the  Policy  Manager  uses  the  NCD 

a  tarset- Th- the  “ 
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6.  The  Policy  Manager  returns  to  step  3  until  all  processes  are  removed  from  the  invalid  sour 
machine. 

7.  The  Policy  Manager  returns  to  step  2  until  all  machines  listed  in  the  NCD  have  been  checked 
for  availability. 

The  Migration  Server  is  currently  a  single-client  server  and  is  part  ot  the  Distributed  Config- 
urion  Meager  cent7al  process.  Future  versions  of  the  Distributed  Configurate  Manager  wd 
contain  a  multiple-client  Migration  Server  This  will  allow  Migration 

own  conv  of  the  DCM  graphical  user  interface,  to  request  migration.  A  mult  p  ? 

Server  wM  also  allow  the  connection  of  other  types  of  policy  managers  that  may  provide  ddferen 
no  kies  such  as  fault  tolerance  and  load  balancing  policies.  A  proposed  design  for  the  mult.ple- 
chen^migration  server  is  presented  in  section  4.  Fault  tolerance  and  load  balancing  are  discussed 

in  section  5. 

3.2  The  DCM  Migration  Mechanism  -  Overview 

The  checkpointing  and  restart  mechanism  in  the  Distributed  Configuration  Manager  is  an  en- 
Lncement "one  found  in  the  Condor  Distributed  Batch  System  but  it  offers  a  number  of 

improvements.  These  include: 

•  Migration  of  processes  that  use  shared  libraries 

•  Migration  of  processes  programmed  in  C++ 

•  Upgrades  to  support  the  IRIX  4.0.5  operating  system 

.  Increased  performance  by  using  NFS  to  eliminate  need  for  file  transfers 
.  Direct,  rather  than  shadow,  execution  of  system  calls  to  reduce  residual  dependencies 
.  Object-oriented  software  construction  in  C++  to  support  the  addition  of  extra  capabilities 

The  heart  of  our  migration  mechanism  is  a  procedure  known  as  checkpointing.  As  -Milled  by 
Litzkow,  checkpointing  is  achieved  by  ”8^*  tdatTof  a  UNIX  process  can  be 

th  ough  the  use  of  portable  UNIX  system  calls.  This  section  will  describe  the  operation  of  the  DCM 
checkpointing  mechanism,  which  is  an  enhancement  of  the  Condor  checkpointing  mechanism, 
^"finned  earlier, ’the  state  of  a  UNIX  process  includes  the  contents  of  memo^ (the  text, 
data,  and  stack  segments),  processor  registers,  and  the  status  of  open  '  Jh  ‘  g 
is  easy  to  retrieve  because  it  does  not  change  and  it  can  be  found  m  the  executable  We  o 
files  are  intended  to  aid  in  the  program  debugging  process;  however  the  infonnat.on  n<*ded 
debug  a  process  and  the  information  needed  to  restart  it  are  near  y  i  en  ica  -  a  format  The 
file  is  copied  into  the  new  checkpoint  file  according  to  the  semantics  of  the  COFF  formaU  I  he 
!tack  is  lo  retrieved  from  the  core  file,  appended  to  the  checkpoint  file,  and  restored  du  ng 
the  restart  process  The  restart  process  is  explained  below.  Restoration  of  the  process  execu 
state,  as  discussed  in  section  2,  is  difficult  because  recovery  of  information  such ^as  the ^hardware 
registers  and  program  counter  varies  among  hardware  platforms.  Fortunately,  UNIX  provid 
generic  pair  of^ routines  called  setjmpQ  and  longjmp().  These  routines  allow  system  programmers 


25-19) 


n?  r  rraily  used  to  jump  *  -  «« 

internal  hardware  registers  and  the  orno-  6  ^  f  ^  7^  Wlth  a  current  stack  pointer,  the 

ns ched— * — -  -  sr 

the  The  ^component  is  a  piece  of  code,  called 

second  component  is “7*™  t0„be“™  »  «>n  candidate.  The 
the  migration  candidate  begins  execution.  The  boot  7^  Ml®ratlon  OCCUrs  m  three  stePs-  First, 
handlers  for  checkpointing.  Second  the  Slaver  utilitv  ^  eX6CUtes  first)  settinS  up  signal 
begin  the  checkpoint  sequence  and  creates  a  ,  ^  migjratl°n  candidate  a  signal  to 

source  machine.  Third,  the  candidate  will  P+°\nt  ^  ^  candldate  has  terminated  on  its 

migration  algorithm.  6nce  again  the  hoot  t  ^  ^  ^  machine  ^cted  by  the 

on  the  new  machine.  A  detailed  description  ofThese ^  Pr°gram 

3.3  The  DCM  Migration  Mechanism  -  Detailed  Description 

°f  DCM  “*»*»  Mechanism.  In  general,  process 

1.  Suspension  of  a  process  on  its  original  (source)  machine. 

2.  Transfer  of  process  state  to  a  new  (target)  machine. 

3.  Resumption  of  execution  on  the  new  host. 

These  steps  are  presented  in  the  order  of  their  operation. 

3.3.1  Process  Suspension 

So6  ad°d  fhe  S  T  ^  ”  ‘°  ^  candidate, 

program  startup,  remove! the  JJ2nZ^Tt\  tV°  ^  MiSration  P°°'  «P« 

termination,  and  set  up  signal  handlers  t  &  &  a  T**  u  &  ^lgra^on  Fool  Database  upon  successful 
The  bootstrap  t0  ^ests  °f  the  checkpointing  mechanism. 

program  must  be  linked  with  the  bootstran  rl  T  ?°  1 lficatlons  to  his  or  her  code;  however,  the 

the  Migration  Pool  Database  is  trivial-  sett  to  be™me  a  miSration  candidate.  Modifying 

here.  “  Settmg  UP  the  s^al  handlers  is  not  trivial  and  is  explained 

dependfng^nT^TlI^implei^nt^icm^il'516  7“^  with  *  *k  “lied  crtO.o  or  crtl.o, 
contains  initialization  code  for  the  e^cutaMe  Z T-lT  “?  cr‘.1-°b The  crt  object  file 
linker  to  use  the  symbol  main  as  the  first  nr  ?  ’  116  ° *  !tS  functlons  1S  to  inform  the  program 

that  they  must  always  write  a  function  in  thN^  ^  °P  exe<ru*lon-  C  and  C++  Programmers  know 
To  build  a  migration  their  programs  called  main()  that  is  always  executed  first. 

file,  which  is  called  The  fiV  **  7  »* 

crtl.o  whose  only  difference  is  that  th*  P  f,  ,  The  file  mycrtLo  18  a  modified  copy  of 

name  is  arbitrary;  however,  the  Distribute!?1  CoMi  °  ^  The  rePlacement  symbol 

’  distributed  Configuration  Manager  (and  Condor)  use  MAIN  for 
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simplicity  When  a  migration  candidate  program  is  executed,  it  will  execute  the  procedure  MAIN() 
instead  of  the  usual  mainQ.  The  MAIN()  function  is  included  in  the  bootstrap  module  whw:h^ 
migration  candidate  links  with.  In  addition  to  performing  its  initialization  duties, 0  11  “ 

the  user’s  main()  with  the  correct  environment  (argc,  argv,  and  envp)  and  return  the  correct 

value  from  mainQ  upon  process  completion.  ,,  ,  ,h  T^TP  signal  The 

The  initialization  performed  by  MAIN()  creates  a  slgnal  handler  for  the  TSTP  signal,  the 

TSTP  signal  is  the  terminal  stop  signal.  Its  original  purpose  is  to  recognize  p  . 

key  from  the  keyboard  (usually  Control-Z)  that  stops  an  executing  process.  Because  migration 
has  a  similar  purpose,  a  custom  TSTP  signal  handler  is  used  to  inform  the  migration  candid 
suspend  itself  for  checkpointing.  The  TSTP  handler  saves  the  current  process  exec* .ion* state* 
the  process  virtual  address  space  using  setjmpQ.  It  also  sets  a  global  ■ variable, : ^ 
Then  the  TSTP  handler  sends  the  process  the  QUIT  signal,  which  dumps  (  q 

SSpcdntiug)  and  terminates  the  program.  Once  the  process  has  termmated,  the  Slayer  utility 

may  be  invoked  to  produce  a  new  checkpoint  file. 

3.3.2  The  Checkpointing  Process 

The  DCM  checkpointing  mechanism  is  a  separate  process,  called  Slayer.  Because  Slayer  is  separate 
H  can  be  intS  directly  from  the  command  line  or  from  inside  another  process  using  the  remote 
shell  (rsh)  command,  as  we  do.  Slayer  is  invoked  as  follows. 


slayer  <process  pid>  <source  file>  Ccheckpomt  file>  [core  file] 


The  process  pid  parameter  is  the  UNIX  pid  value  that  defines  the  specific  process -  Jhe 
file  oarameter  is  the  name  of  the  file  which  contains  the  text  to  be  used  in  the  checkpoint  hie.  It  is 
usually  the  name  of  the  original  executable  file,  although  text  can 

W*‘ Slayer '  first^sends  the  TSTP  signal  to  the  migration  candidate,  the  process  ’ •£***£ 
process  pid.  The  migration  candidate  is  also  known  as  the  victim.  The >  TP  knal 

the  checkpointing  mechanism  in  the  bootstrap  code  of  the  migration  candidate  The  Ti)1  ^  f“a‘ 
htt  Jill  caliche  setimpO  function  preserving ;  the 

frame  contents)  in  the  process  virtual  address  space.  Then,  the  lb  g  ,  .  -t 

KILL  signal  to  the  process,  suspending  its  execution  on  the  source  madnne  and ^dumpn ig  rt  ^ 

After  the  process  has  been  terminated,  Slayer  will  build  a  checkpoint  file  using  the  source  n 
and  core  ^specified.  Slayer  retrieves  the  text  section  and  symbo  tables  from ■  *£«» ^ 
combines  them  with  data  from  the  core  to  create  a  new  executable  file,  the  ch teckpo  n  fi  e.  Ihe 

the  process  was  terminated.  Unlike  the  original  executable  e  a  us  has  been 

save  space,  a  checkpoint  file  has  no  uninitialized  data.  After  execution,  the  button  1 has  be 
initialized  in  virtual  memory  to  values  that  must  be  preserved  for  checkpoint  ng^  The  bs  ^ect 
a  checkpoint  file  will  contain  a  data  in  addition  to  its  section  header.  For  this  reason,  checkpoint 
file  is  substantially  larger  than  its  original  executable  file. 
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» tJzz^z&Tmaa’  shT  retrieves  the  st-k  data  “p 

The  stack  data  map  section  F  *  **““  d*>  ”ap' 

module  contains  code  to  retrieve  the  stack  data  upon  restart  P  '  h°Wever' the  bo“‘s‘rap 

3.3.3  Process  Restart 

Indtfir  file  iS  “  The  ^ P 

Pool  Database.  Because  the  value  of  resto  1  TrSe  ^  in‘°  the  Migrati““ 

bootstrap  code  recognizes  that  it  is  It  ‘  ,  <se‘  Prev.ously  by  the  TSTP  handler),  the 

that  causes  a  custom  signal  handler  °  t  ”  ^  ^  time  and  sends  ““  process  a  signal 

the  slayer  application.  It  also  retrieves  thTT  V?  retneve  the  stack  data  map  that  was  saved  by 
of  data  have  been  restored  longimon  l  Id  fr!T,_saved  from  se‘jmp().  Once  these  two  pieces 
will  begin  ^  "***>.  Tha  TO 

successfully  restarted  on  itfnew  ho^  A‘  P°int’  the  pro«ss  h-  b-n 

3.4  Migration  of  Processes  Using  Shared  Libraries 

shared  librar^A  proc^  pfchan‘Sm  allows  the  mi«ration  of  executables  that  use 

performance.  Extending  the  checkpointing  1  raries  can  save  system  resources  and  increase  system 
important  class  P™  ^  a  ""  “d 

and  iZLlugZlTcZfnJZZZTn  Pe«~  ,*  «*  Spa“'  aa™*  -TO 

on  disk  and  in  memory  for  "  ch  ““  ss  tha  *  S “  UNIX  archive  that  is  duplicated  both 
shared  library.  Although  the  texl  of  asWdtb  archive  there  is  only  a  single  copy  of  the 

copy  of  data  associated  with  the  shared  librarv  "a"7  ^  6  shared.’  each  Process  must  have  a  private 
the  text  and  data  sections  of  a  shared  l  b  7'  migra“°n  mechanism  recover  both 

Standard  text  and  data  ^  mUCh  ',ke  the  mechanis™  already  used  to  retrieve 

is  used.  The  first” section*  ^il  T '  ■ontCU  If  ^  “ntams  two  additional  sections  when  a  shared  library 
The  other  section  fa Toon  1  °J  *“  shared  libraries  “sad  by  ‘bc  program 

execute,  the  system  loLder  ul  "he  2  "  -  ^  W““  a  P™*88  bZs  to 

them  into  memory,  and  initialize  them  nroneir  Th  ^  SeCtl0“S  *°  fi"d  the  shared  libraries,  load 
begins  execution.  Therefore  no  speciaUctfon  1  18Proce8s  occurs  automatically  when  a  process 

When  a  process  execute  shared  1  tar ‘  r  -fZ  reS‘°re  the  shared  lib™y  ‘ext. 
text;  it  merely  exists  at  a  different  ■  t  '  ~d.f  1  W.J  execu‘e  m  an  identical  manner  to  standard 
variables  in  the  shart  littfwiU  ett  rh  Pr°CeSS  addre88  8Pa“'  Global  (static) 

the  shared  library)  while  automatic tariaH  ^  Td  fction  (sPecified  during  the  creation  of 
regular  process  stack.  These  automatic  varMaZ  ui  u  *^e  shared  bbrary  W>U  be  created  on  the 
mechanism.  However  the  global  data  T  r”  t  restored  using  the  current  stack  retrieval 
data  is  placed  in  the  cme  filf  n  a  si  7?  "*“1  1  preS<™d-  F“  dab“«ging  P-poses,  this 
To  recover  this  dal  le  bootstran  ret  "  7?  °f  ™  VL}BDATA  *"g  with  its  virtual  address, 
from  the  core  file  and  lad  it  into  he  cm  ”d  dd  modified  *°  «“‘act  ‘his  data 

core  file  and  searches  for  a  VLIBdI^  Z  "“d  f  Z"  t™6  ^  meChanism  °P“S  «“ 
VLIBDATA  .“X“„A 
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For  instance,  a  program  that  uses  three  shared  libraries  will  have  three  VLIBD  ATA  maps  in  Us  core 

file.  If  no  VLIBDATA  maps  are  found  in  the  core  Me,  rt  can  be  safely  a  VLIBDATA  maps  are 

not  use  shared  libraries  and  the  restoration  process  is  performed  normally.  ,  .  ,  , 

fount  the  mlp  header  is  searched  for  the  virtual  address  of  the  data  sectron  r  s  length  m  bytes 
and  its  location  in  the  core  Me.  The  data  section  is  read  from  the  core  and i  cop.ed  nt 
virtual  address  location  in  the  process  virtual  address  space.  Once  all  of  the _  shared  y 

sections  have  been  restored,  the  normal  bootstrap  mechanism  continues  as  bef  . 

3.5  Migration  of  Processes  Interfaced  to  a  Communication  System 

A’  mentioned  in  section  1.1  our  long-term  research  goals  are  focused  toward  migrating  QUEST 

“"m  simulation  ob ject^takes  advantage  of  a  hierarchical  communication  subsystem  to 
transfer  tarnation!  The  communication  subsystem  uses  shared  memory  for  intramachine  commu¬ 
nication  and  distributed  shared  memory  (SCRAMNet)  or  Ethernet  for  J 

Each  simulation  object  maps  local  shared  memory  into  their  virtual  address  space  and 

kn°lntuder  Q^ESTcommunicating  objects  mentioned  in  the  previous  paragraph, 

This  task  requires  support  from  the  communication  subsystem.  T  g 

the  steps  taken  to  migrate  a  communicating  process. 

3.5.1  Process  Suspension 

The  TSTP  signal  handler  (described  in  section  3.3.1)  was  modified  to  call  a  migrate()  routm  p 

to  saving  the  process  execution  state  with  the  setjmp()  call.  •  +:  messages 

The  migrate()  routine  is  a  communication  primitive  that  places  a  hold  o  Y  g 

en-route  to  the  process  to  be  migrated.  After  the  delivery  process  has  been  put  on  hold,  the  proces 
de  registers  itself  as  a  participant  in  the  shared  memory  communication  system  and  unmaps 
steed  memory  Once  the  communication  space  is  unmapped,  the  process  can  proceed  to  the 

"liarioTsimilar  to  the  process  of  a  person  who  is  moving.  Before  rmmng, 

on  hold  (actually  forwarded  to  somewhere  new).  The  living  space  is  eventually  relmqmshed  (house 

sold)  and  the  person  leaves  the  local  neighborhood. 

3.5.2  The  Checkpointing  Process 

There  is  no  special  action  required  to  checkpoint  a  communicating  object. 

3.5.3  Process  Restart 

When  the  Distributed  Configuration  Manager  chooses  a  target  machine,  the  object  identifier  is 
supplied  to  the  communication  system  manager  on  the  target  machine.  This  a  ows  e  man  g 
allocate  a  spot  in  the  target  machines  registration  area  for  the  migrating  object. 
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munication  s^m  m"Ld  maofth  ’  77  *  itSe‘f  wIth  the  *■«*  ™U-  com- 

Th  Fi"l;ifred  pS  :  “F  address  space- 

3'5:'’  this  is  si->“  *°  filing  a  Place  to  live 
(issue  the  longjmpO  call)  commumcat.on  system),  and  continuing  with  life 

3.5.4  Dealing  with  Communication  System  Managers 

l“on%Z^  f  fc communication  system,  the  ability  to  alter  the 

In  other  words,  if  a  machine  will  ui  U  of . Jh®  communication  system  itself  is  important, 

must  be  migrated  and  the  «m»uricJ!S^^  ‘h"”  *"  °bjeC‘S 

for  the  — ic-f on  manager  to  mi«rate  “>■ *»» 

on  the  source  machine  whkh  ”“be  ev3e7  "*  “P  *°  h“dk  ““--cations 

coml77“73vTelSOCted  (tfhemet)  “d  SCRAMNet  t0  «““•  “termachine 
be  left  in  unpredictableT^ate^^ind^mTy'timmselv^han^568  *  ““  ^  “d  “f  ““  wou.d 

com^^r^^r7r77Pr7igrati°”  °f.™s  "ith  “ckets,  the 
becomes  available  again  or  the  simulation  fP°m  %  ^  a  ^  \m  a  miSratlon  state  until  the  machine 
[1]  allows  for  the  motion  7Z  T  Ank°la  8 ' work. at  the  University  of  Cincinnati 

original  socket  connections  Instead  the  H°WeVer’  his  Work  does  not  maintain  the 

take  their  place.  ’  ’rigmaI  sockets  are  closed  and  new  sockets  are  opened  to 

urat^^Managlr^is1’ to^euleT^tiv^T  be  addressed  if  the  Distributed  Config- 

been  developed,  but  not  fully  implemented.  ^  U  10X1  ”  shuttmg  the  Ethernet  sockets  down  has 

3.6  Summary 

for  UNIX  workstations ^ ^Th^mi a^  lmple™entatl°n  of  an  enhanced  process  migration  facility 
processes  that  use  UNIX  shared  libraries i^1801  &S  been  modlfied  to  allow  the  migration  of 
nism  in  DCM  requires  no  mSlarions  to  ^  k  T  P;?C6S!  migration  mechanisms,  the  mecha- 
network  of  Silicon  Graphics  4D  workstaf  h  p^6  ^  beGn  successfully  demonstrated  on  a 

dependency  from  single  processor  deskt^”8*  if  migrate  without  restriction  or 

:rt“ 

DCM  system  and  ^"m^  «•' 


4  Results  /  Evaluation  of  Work 


uration  ll^g^  i^h^l^s^Mon  atTT'  mechanism  of  the  Distributed  Config- 

finished  system.  This  section  analvzes  ry  n°^focused  on  analyzing  the  qualities  of  the 
wUh  respect  to  the  fom  ocigl^ 


25-24 


interference,  residual  dependencies  and  complexity.  Performance  and s^ftr 
considered.  Some  enhancements  to  the  system  are  also  proposed.  Finally,  the  .mi  atrons  of 
system  are  addressed.  The  chief  weakness  of  the  DCM  process  migration  mechanism  is  its  vulner 
bUity  to  operating  system  upgrades.  A  minor  upgrade  to  the  operating  system  during  developmen 
posed  a  substantial  challenge  and  future  upgrades  to  the  operating  system  will  pose  an  even  gr 
challenge.  However,  our  modularized  version  is  much  less  complex  than  original  Condor.  Some 
strategies  for  dealing  with  this  weakness  are  presented  shortly. 

4.1  Achievement  of  Design  Goals 

In  designing  the  process  migration  mechanism,  four  main  design  considerations  were  addressed 
define  section!  These  goals  were  transparency,  minimal  interference 

dependencies,  and  complexity.  In  this  section,  the  implementation  of  migration  m  the  Distributed 
Configuration  Manager  is  analyzed  with  respect  to  these  design  considerations. 

4.1.1  Transparency 

A  process  migration  system  should  have  a  network-transparent  execution  en t ^ 
system  achieves  transparency  through  the  use  of  the  Network  Fi  e  ys  em,  .  ,  ,  ,  i 

eac!  workstation  on  the  network  with  an  identical  view  of  the  file  system  and  a  —it 
naming  scheme.  It  is  possible  to  migrate  a  DCM  pool  process  to  any  workstation  on  the  network 

without  restriction. 

4.1.2  System  Interference 

Process  migration  should  not  introduce  excess  interference  with  either  the  process  being  migrated 
or  thTslem  as  a  whole.  The  migration  mechanism  should  operate  in  an  atomic  fashion  with 
respe  t  to  he  system.  This  consideration  becomes  especially  important  in  cases  such  as  interprocess 
communication  where  a  time-out  failure  may  result  if  the  time  between  process  suspension  and 

restart  is  too  great.  Our  present  system  does  not  interfere  with  the  ^  “eckpointed 

the  migration  system.  Processes  can  be  halted,  checkpointed  and  restarted  a  will.  A ■  ctreckp 
process  is  not  required  to  restart  immediately  after  checkpointing,  l  may  re 
and  be  restarted  at  will. 

4.1.3  Residual  Dependencies 

The  process  migration  mechanism  should  be  designed  to  min™zeres‘dua‘df 

locations  For  instance,  once  a  process  has  been  migrated  from  Machine  A  to  Machine  B,  the 

process  should  no  longer  require  Machine  A.  This  is  an  important '  d“'gn  P“C^e  ^ 

implementing  a  fault  tolerance  mechanism.  If  a  process  ,s  moved  from  Machine  A  to  Mach  me  B 
buf  the  process  still  has  residual  dependencies  on  Machine  A,  the  process  will  crash  if  Machine  A 

fails.  We  seek  to  avoid  such  limitations.  TTnliW  tbp  Tondor 

Residual  dependencies  have  been  minimized  but  not  completely  eliminated  Unlike  the 
system:  a  shadoU  call  mechanism  has  not  been  implemented.  Such  a  ““ 

Condor  because  not  all  systems  on  which  Condor  must  run  have  a  network-transparen  ,  L, 
tern  such  as  NFS.  The  shadow  call  mechanism  imposed  a  residual  dependency  on  the  host  wh 
IT  calls  were  executed.  While  we  have  eliminated  the  shadow  call  dependency,  each  pro^ 
cess  in  the  Distributed  Configuration  Manager  migration  pool  has  a  residual  dependency  on 
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<*?***«  «!-  «  restarted  front  the  main 

mand,  a  parent-child  relaLnZ^  ‘ t (  ]  uT ^ i  °f  the  S6mantics  of  the  «h  com- 

a  restarted  application.  If  the  Distributed6  Co e^Ween  ?  6  Distributed  Configuration  Manager  and 
the  execution  of  checkpoint  files  the  1  °n  Sura^on  Manager  abnormally  terminates  during 

nation  of  all  TT  (T“  “*  “  tha  Prema‘>-  *«m£ 

unavoidable.  dependency  is  due  to  the  semantics  of  the  rsh  command  and  is 

4.1.4  Complexity 

mini2e°mp rTcesfmlmlioTaffett  “  77  h  “  imPOTlaa‘  *“*»  insider  and 

A  maintainable^a"e^lVmusf  P  77  7“  ^  °f  “  °Perati"S  kernel. 

though  migration  has  been  implemented  outside  of  theT^  ,°“  °PeI*ti»S  sys‘<™  [7],  Even 

The  migration  mechanism  used  by  the  Distributed  Confim  7°  ’  “mp  eXlty  m“st  st,U  be  reduced, 
of  code.  Each  feature  of  the  IJNTY  nnp  +•  g  ration  Manager  is  a  large,  complex  piece 

communication  require  2„T7,7  ‘7  "  SUpP°rted>  such  «  libraries  or 

won,  requires  an  additional  subsystem  to  the  standard  migration  mechanism 

changes  in  the  UNIX  operating  system  c^^Sfin^uS  T'  ?™plfdy  bey°nd  °Ur  ControL  Minor 
the  migration  mechanism  Thfs  LoncV  t  substantial  development  time  spent  on  patching 

therefore  increases  complexity  The  ?  minimizes  the  portability  of  our  system,  and 

complexity.  The  issue  of  portability  is  further  discussed  in  section  4.4. 

4.1.5  Performance  Measurements  and  Verification 

desigTof  ourTvstem156?  Perf°rmance  1S  lmPortant,  it  has  never  been  an  overriding  issue  in  the 

P"iXr8^ 

sleep()  command  to  temporarily  halt  the  eTTTon o^tl^^T,  ^  UNK 

a  value  and  the  display  of  its  result  The  7  °‘  °f  ‘“‘  Programs  between  computation  of 

which  we  invoked  Skyer  from  thee'  h  ?  C0™and  PrOTlded  us  with  a  time  window  within 

new  host,  WW  the* como7T  mei  r,eSUlting  CheckP°int  ™  on  a 

also  constructed  proXs X 77 d 1 be  COmpared  ‘°  its  int“ded  »»*■  We 
built  our  recoyery  mech7sm  for  !h  d 7™ C  mem°ry  allocation  in  a  slmil“  manner.  Once  we 
and  used  the  shLd  library  in  the  e  7’  7  CJT.structed  a  shared  1!b™y  using  mkCCshlib 
contained  routineUrom  our  origtd 7 7 7“^  Pro«ra™-  On  shared  library 
data,  providing  test  cases  for  77  Pr°8rams.  We  used  an  assortment  of  local  and  global 

dynamic  allocation  of  memory  from  wHUn  “our  fjt  p “  ™  ^  *** 

and  sXrslterektitkminrfh  “  7  Il0)  “d  apE  [1)  Systams-  Wh!k 

process.  The  time  required  tolhecknn  t  Performance  hit  occurs  during  the  checkpointing 

virtual  address  space.  The  existence  of  NFS^r^68  m  &  J?UgllJy  ll”ear  fashlon  Wlth  the  size  of  the 
shadow  mechanism  and  the  neerl  t  ]  execution  site  allows  us  to  eliminate  the  Condor 

imposes  its  own  overhead  and  makesT  Checkp°mt  files  from  machine  to  machine.  However,  NFS 
overhead  and  makes  our  system  sensitive  to  the  network  traffic  of  other  users. 
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Process  startup  and  shut  down  occurs  in  a  few  milliseconds ' 

ten  seconds  depending  upon  the  size  of  the  Met .  mvobrf  and '  ^nesting  UNIX 

A  typical  restart  occurs  in  a  few  milliseconds;  however,  A^ola  d.sa>verM  t 

communication  paths  added  up  to  an  aJ  *™  f  “w^running  programs  such  as  simulations, 
migration  is  an  expensive  process,  feasible  only  lor  long  running  P  6 

Short  jobs  do  not  benefit  from  using  a  process  migration  system. 

4.2  Migrating  C++  Programs 

One  of  the  limitations  of  Condor  is  that  it  supports  — 

TRAN.  Our  experience  has  shown  that  the  migration  p 

additional  steps.  These  steps  are  outlined  here  ^  require  its  users  to  recompile 

their  applic ^Z^sZchJL  provides^ransparency 

SL.  that  include  the  startup  and  shutdown 

routines  necessary  for  the  migration  sequence.  avoided  by  replacing  the  system  crtl.o 

As  we  explained  in  the  previous  Stains  initialization  code 

file  with  a  modified  version,  m  our  case,  myc  .  •  the  definition  of  the  first  symbol  to 

that  gets  executed  upon  the  startup  of  a  progra  .  ,  a  procedure  entitled 

be  executed  after  startup.  The  C  language  requires  e  progra  therefore  define 

main()  that  defines  the  starting  point  of  the  PW“+  modified  version,  we  can  select  a 

main()  as  the  starting  symbol.  y  rep  acmg «  •  mainq  as  our  starting  symbol.  The 

new  symbol  name  for  startup.  For  simpli  y,  nrocedure  called  MAINQ.  This 

bootstrap  code,  linked  into  all  migration  can  1  aes,  ^  caUing  the  main()  of  the  original 

function  is  responsible  for  setting  up  migra  ion  sig  ,  ,  ]  shutdown  routines  for  the 

application.  In  this  manner,  we  have  transparently  set  up  startup  and  shut 

migration  candidate  without  modifying  code.  format  for 

This  system  works  well  for  C  programs;  however,  when  we  tried  to  u  d 

C++  programs,  it  failed.  After  much  trial  and  error,  we  d"'t  unsure  why.  It 

the  location  of  the  first  C++  library  function  in  our  program, j  dure  so  we  compiled  a 

was  obvious  that  the  error  was  occurring  ue  to  our  “Pt’cl  involved  in  compilation, 

test  program  with  the  C++  using  its  verbose  option  to  hst  all  of  theje^  ^  c++ 

While  we  had  used  the  verbose  (-v)  op  ion  ,prV,0cP  output.  When  we  used  this  additional 

preprocessor  contains  an  additional  option  (+v)  or  rogram  Most  C++  compilers  consist 

option,  we  discovered  a  little-known  step ,  of  building  a .C++  P~gt^M  compiled  by 

of  a  front  end,  often  called  cfront,  that  converts  C++ -mto .  C  code,  wh  ^  c++patch 

the  standard  C  compiler.  However,  when  e  comp  ,  Most  of  the  classes  in  the  system 

is  executed,  using  the  name  of  our  program  as  an  axgumen ‘.L  “ution  of  user  code.  The 

C++  library  contain  global  constructors  that  mus  ex  P  initialization  of  these  constructors. 

c++patch  utility  modifies  the  executable  file  to  the  execution  of  pro- 

We  discovered  that  calling  c++patch  was  not  the  only  probl«n  does 

grams  using  C++  code.  The  global  constructors  are  m.t.aW “  col™d  C++  library  functions 

glS  instructors  from  our  bootstrap  code;  however, 
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it  is  possible  that  the  C++  libraries  ronU  ,1  .  .  , 

valid.  Restricting  bootstrap  programming  to  onll  cTh™1”  em“tatlon’  making  this  approach  in- 
on  the  content  of  bootstrap  code  should  bp  A  1+  Ca  S  1S  mucb  easler-  This  constraint 

Configuration  Manager  re^e  “‘«d 

4.3  Suggested  Enhancements  to  DCM 

thhe  CUmn\DCM  ““at ion.  ^ture  research 
greater  ease-of-use.  better  portability  and  'reduced  “m TJZ££”  “ 

4.3.1  Suggested  Enhancements  to  the  Distributed  Configuration  Manager  GUI 

pdicCyUThe  Gm  hTbeen  GUs “tdT”  “?  migrat“ 

windowing  environment  provides  libra  •  t  +u  ’  ?U  down  menus  and  dialog  boxes.  A  good 
of  events  such  as  window  resizing  and  thT  °r  •  ese  objects  “d  81180  Performs  automatic  detection 
main  loop  that  che^l^^“^teLdZ^  *"’**, b“«°-  GL  ^  contained  a 
unnecessary  in  a  true  windowing  environ™  t  4  corresponding  action.  Such  code  would  have  been 
GUI  with  a  MOTIP-based  GUI  MOTIF?,  A  enhancement  W°“M  be  replacing  the 

It  provides  libraries  foTuser  inteS  ob  1%”*^  VF*0  f°r  UNIX  workstadons. 

maintains  a  consistent  look-and  feel  withJ  tb  '  umtv  PU?  buttons’  creates  Prettier  screens,  and 
portabihty  of  our  interface,™  issue  ^  ”  «“ 

cation  oSCtc^S  LtbZ  Th"  ^  ^  *****  modifi¬ 
er  groups  to  the  T “  a,1°W  3  ”«  add  machines 

standing  their  file  format.  g  6  W°r  Configuration  Database  files  or  under- 

4.3.2  Suggested  Enhancements  to  the  DCM  Policy  Manager 

gration  Pool  Database  (MPD^This^a^6  Co*figuratl°n  Database  (NCD)  and  the  Mi- 

single  client  (the  DCM  Configuration  Policv  M  *  wP  emented  m  a  manner  that  allows  only  a 
separate  the  location  of  the  databases  from  thTpT  ^  A  better  Cementation  would 

This  would  permit  simultaneous multi'user  — ty. 
databases  are  modified  to  permit  multiple  DCM  n^i  Manager  to  execute-  H  the 

by  other  kinds  of  policy  managers  Our  noli  •  P  cy  manaSer8’  tke-v  "',11  easlly  support  access 
for  network  configuration  Multi  client  Hat  h  ^  ”  0IJ'demand  Policy  ttiat  uses  process  migration 
managers  that  impleme”  fauU  W era  „  ^  a“°W  the  C°nneCtion  °f  additio“al  Policy 

lems,  such  as  coZstocv  Z serial  n  "  ^  balandng  P°lides-  Altb°aSb  ‘ba  debase  prob 

suggest  the  use  of  a  coZercUJhSXS.T''^  With  T“iple  dien‘S  Me  Wel1  k”°™>  we 
problems  and  minimize  development  time  ^  "y  °r  System  to  addre8s  the8a 
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4.3.3  Suggested  Enhancements  to  the  DCM  Migration  Server 

The  current  migration  server  is  only  capable  of  migrating  one  process  at  a  time  Sc 

Sit;  ias:  ssi  3s; 

by  the  increased  NFS  traffic  generated  during  checkpointing. 

4.4  Portability  Issues  and  OS  Upgrades 

Software  maintenance  is  becoming  an  increasingly  important  issue  ffithe  ^sof^ ^dnf sT^rn'or 
world  [24].  Software  maintenance  is  required  when  bugs  are  isc  ^  table  jj  jt 

when  software  is  ported  from  one  platform  to  another.  A  piece  o  so ,  twar  Software  may  be 

can  be  moved  from  one  platform  to  another,  ideally  with  little  or  no  m 

ported  between  differing  hardware  platforms,  such  as  from  Silicon  Graphics ^ cha„ges 
systems,  or  it  may  be  ported  between  1  IBM  PC  frl 

MS-DoVtoTuNK  vMilnt'such^NeXTSTEP.  A  more  subtle,  yet  insidious,  softwMe^platform 
change  occurs  when  a  hardware  vendor  releases  an  upgrade  to  “ apphcltion  “Sy  portable. 

A 

“J^tti»^Vof  Potability  of  the  DCM  application  with  respect  toboth  hardware 
and  software. 

4  4  1  Portability  of  the  DCM  Graphical  User  Interface 
The  DCM  Graphical  User  Interface  has  been  designed 

graphics  description  language  developed  by  Silicon  Graph  .  the  software  marketplace 

only  on  Silicon  Graphics  systems,  mainly  as  a  marketing  feature.  However  the  sottwar  ^  ^ 

as  a  whole  is  embracing  an  idea  known  as  open  systems.  _  s^  ei^1S  S“  different  kinds  of  systems. 
Graphics  has  developed  a  version  of  the  GL  language  known  a  p  •  P 

! SZDS^onhgurationManagerinterface 
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a“plicaZ  m0dffled’  ra‘her  th“  re™‘ten’  for  the  «“««  Distributed  Configuration  Manager 

ata^r  b-  their  interfaces 

interface  for  UNIX  workstations  MOTTF  h  k  °TIf  ‘e  de'fact0  standard  windowing 

abandoning  its  proprietary XenLook  wL  Tr  “  n  by  Su”  Mi^‘ems,  which  is 

Distributed  P°rtmg  a,  MOTIF-based  interface  for  the 

required  to  the  code.  imp  &  &S  recomPlbng;  no  modifications  would  be 

interface!  Thr^tr^I  ^ ^obieTt  ^Tdl “‘“P*“  ^  KA^  °f  «»  »* 

tetr r 1 cr  f  r 

good  example  oTuskg  ^ectlt  luMtoTwoct  Configuration  Manager  GUI  is  a 

system  should  be  able  to  be  replaced  without  aff  %•  ^  lmplementatlon  of  an  object  m  a  software 

We  have  achieved  this  degree  of  modularity  in  Xt  M^? 

4.4.2  Portability  of  Process  Migration  Mechanism 

Cof guration  Ma"agar  sb°pld  ba 

and  C  library  functions  such  aV  setimnO  and  T  *  n  ““’T™  rclieS  °n  the  C0FF  format 
of  the  porting  work  for  the  Distributed  C  ;  °n®mp()  as  weil  “  S^eric  Hie  operations,  most 
the  designers  of  the  operating  rnt™  nl?"'!  ^  has  already  been  PerfoOTed  bV 

mechaniL  is  b^ed,  ^  ^  ”**“ 

tween  "systrio  "ch  portlT  “  Sti"  m°“gh  V™ 

code  reveals  that  a  i  -  ,  j  ^  P  rt  a  iarge  Job-  A  close  examination  of  the  Condor  source 
slplrtS  Prom  rp  Iy-  d‘faent  checkP°in‘“«  mechanism  exists  for  each  UNIX*  variant 

plifies  the  multi-pIatforrn^eslgrio^Conckir  °0b  1 T”-'  V  obJ— Mentation  greatly  sim- 
developed  and  maintain^  fn  ^  u  ,  0bJect-°nentation  allows  a  single  class  hierarchy  to  be 
a  ”echanism;  A  b-  «>-.  is  designed  to  impLnent 

allows  common  procedures  and^  Z  Tt  derived  classes  are  designed  for  specific  architectures.  This 
allows  redefinition  of  unions  d  UPf'ures  f°  be  used  b-v  aI1  Condor  variations  and  additionally 
in  C+e:“LctZs  P  edUr6S  thr°Ugh  the  “  °f  “  “  -  »  is  known 

of  thU  p“uemmif  ‘ rM  T°Ufh  tha‘  ‘he  USe  °f  ^‘-orientation  will  not  reduce  the  complexity 

‘he  eXiSti“g  ““Plexity.  Fortunately,  there  may 

world  seeks  to  eliminate  manv  of  their,® T0^m0Y&De^  towards  standardization  in  the  UNIX 
time  will  tell  whether  the  rhetoric  of  theTa vanous  implementations.  Only 
standard.  At  this  writing  most  of  the  UNIX  ^  ™  matenalize  into  a  unified  UNIX 

operating  systems  based™  the  Sy ^ V ST(»*“  FT**?"'  7*”*  °f 
[22],  Although  the  goal  is  enhanced  portaMhtv  SVR4  n  PP  Bmary  Ipterfa“  (ABI) 

Configuration  Manager.  These  problems  will  be  disused  in  S”tbn  ^4  D‘stnb“ted 
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4.4.3  Porting  the  Process  Migration  Mechanism  from  IRIX  4.0.1  to  IRIX  4.0.5 

The  original  Condo^ci^kp^intii^meds^ism^irmd^^^m^mn^^btm^JheOTdenng^of^he^a^ 

sections  in  the  SGI  extended  w  Jnr\  and  IRIX  4.0.1,  which  was  the  current 

IRIX  such  as  IRIX  3.3.1  (used  by  the  developers  of  Condor)  and .  im* ■ «!  ,  ^  o{  the 

version  at  the  time  we  were  porting  the  chec  pom  1Ilg  ™“  “  Q  &  It ;  di£RcUlt  to  know  why  the 
data  sections  was  modified  for  the  maintenance inpgrad  in  the  SGI  header 

data  sections  were  reordered,  especially  in  light  of  a  misleading  comment 

file  <a.out.h>:  ,  r  v  ■„  addedl  to  have  the  raw  data 

"Coff  files  produced  by  the  mips  loader  are  guaranteed  [emphai « i  the  sizes 

for  the  sections  follow  the  headers  in  this  order'  text,  .rdata,  .data  .so 

of  last  three  is  the  value  in  dsize  in  the  optional  ““er'  .  rel  ing  on  the  system  docu- 

Of  course,  we  brought  the  upgrade  problem  upon  ourselves  result  in  disaster.  A 

mentation.  Relying  on  system  documentation  is  because  the  vendor  went  to  all  the 

comment  in  a  system  header  file  is  not  l  IRIX  4.0.5,  purported 

trouble  of  placing  it  there.  When  our  development  system  Pg  had  been 

to  be  a  minor  bug  fix,  we  discovered  that  the  ordering  of  I ^  was  modified  t0  ignore 

reversed.  Once  this  reversal  was  discovered  our  space  of  the  data  area, 

proper  section  names  and  rely  instead  on  t  e  con  lg  ess  virtual  address  space.  Our  new 

The  sections  in  the  data  area  are  a  wfys.“n  1®1‘0  ,  ,d  d  w  versi0ns  of  the  operating  system, 

rnt^ith  future  versions  of  IRIX  (more  about  that  in 

the  next  section).  .  .  ,  ,,  ks  to  diagnose  and  correct.  Three 

weetotatg -*»  «“  ^  *“  SUPP°Sed 

to  be  a  minor  bug  fix. 

4.4.4  Porting  to  Future  Versions  of  IRIX 

The  current  version  of  the  Distributed  Configurer  sIs^RIX5  to  its  customers.  Release 

nificant  changes  will  be  introduced  when systems  wiH  support 
5.0.1  is  currently  shipping  on  the  new  fourth  quarter  1993.  IRIX  5  is 

IRIX  5  with  release  5.1,  tentatively  schedul  operating  system  were  based  on 

a  System  V  Release  4  implementation;  previous  ve, rsions o the  ^  ^  system 

System  V  Release  3.  While  a  majority  of  these  c  ange  Distributed  Configuration  Manager, 

user,  they  have  dire  consequences  for  to  be  made  to  the  Dis- 

that  rely  on  underlying  UNIX  mechanism.  Slgn.fican^  h  g  ^  ^  IRIX  4.0.1  to  IRIX  4.0.5 
tributed  Configuration  Manager  o  supp  t  of  IRIX  5  and  its  underlying  SVR4 

required  only  minor  changes  to  existing  code;  rewritten, 

implementation  will  require  the  process  migra  mn  ^  H(,el  o{  the  Distributed  Configuration 

Problems  with  operating  system  chang  ah  tvni  cal  applications  developers  do 

Manager  and  the  Condor  Distributed  Batch  System. 

not  care  how  the  UNIX  system  builds  and  executes  « ‘ 1  concerning  file  formats 

not  access  internal  kernel  structures;  however,  we  make  full  use  of  h»W»  «-  *  Qs  ^ 

such  as  COFF  and  the  operation  of  the  program  loader;  these  are  parts 

imPWhfie":  of  software inaiiitenance  is  high  for  a  system  such  as  DCM,  it  is  a  price  that  must 
be  p!id  to  a^eve  our  design  goals.  This  topic  is  further  discussed  in  the  next  section. 
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4.5  UNIX  System  V  Release  4 


cm:  oTerStag  s“ tZ  ‘atThe *  that  dife  P-ious  versions 
Objects  (DSO)  and  <ELF)-  dynamic  Shared 

used  in  previous  version.  nftL.  +•  *  L  d  (PIC'’  The  ELF  format  replaces  the  COFF  format 
static  shared  library  implementation* TifeTh^  ^  DJnam!C  Shared  Objects  replace  the  current 
then,  to  those  found  in  SeCt,0,1S  “  ^  “d  ~ 

4.5.1  COFF  vs.  ELF 

0^“^  version  of  the  Common 

format  specified  by  the  System  V  ReWo  a  a  V  *•  (E*ecutable  and  Linking  Format)  is  a  new 

ABI).  Although  the  SVR4  loader  will  continueTe^ute COFF w"  (a‘S°  ‘T  “  the  SVR4 
versions  of  the  operating  system  the  SVR 4  ™  -i  OOFF  binaries  created  under  previous 

ELF  objects  and  COFF  objects  mav  not  be  ^  ^  ^  Pi” °duces  ELE  object  files  instead. 

application  program  are  recomp UeTund  SVwThe  ST*  “  7L  °f  “  ^ 

well.  Additionally,  ELF  proves  suonort  ft  d  ’  h  e"t,re  Pr°Sram  Wlil  have  to  be  recompiled  as 

the  shared  library  implementation  in  SVR3.  TherTtethte  ktdsoi  ^££?Z?“iU’  ““ 

‘  “thtdXt  “it  Laef°T tSUitKaWe  fm  ^  ^  ««“  «*M  «- 

examples  of  these.  611116  la  6  object  created  by  the  compiler  are 

bthtkedtttTdvtanti!:nsh0d<d “  l-c  SU‘taWe  f°r  dynamic  linking.  Relocatable 
the  runtime  *'?*  »  dy"amic  mutable.  At  runtime, 

image.  ““  executable  “d  dynamic  shared  objects  to  produce  a  process 

‘  UnkTg  fel^  “  fOT  «“**«■  Th-  may  or  may  not  use  the  dynamic 

5-°  WU1  eXeCU‘e  a“  binaries  which 
Revised  Edition  and  the  Systet  V  ABI  MffS  P  “  Y*?  V  Applicati°"s  Binary  Interface- 

under  IRIX  5.0  may  not 

of  IRIX  may  waver  from  the  generic  SVR4  s  ,  ^.EE  ^bls  means  that  the  designers 

mechanism  that  may  be  devised  for  SVR4  implefentSns  *  ““  P°ltability  °f  any  st“dard 

4.5.2  Static  vs.  Dynamic  Shared  Libraries 

^r^t^s:rnttSVR3  t what  kn°™  - 

address  of  a  static  shared  library  exists  in  a  process’  °  pr°CeSS  untl1  run  time>  tbe  virtual 

the  compilation  and  linking  procedure  ?  VlltUa  addr6SS  Space  18  statically  bound  during 

benefits^h^primipa/adTOiR^gero^dynam^011^^^^!.^6  ^  libra™s  “d  additional 
w,th  fixed  load  addresses,  unlike  static  shared  liWi^lnd^^ 
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under  programmatic  control.  Both  of  these 

4.6  Summary  ...  ...  w 

This  report  has  demonstrated  that  migration  of  processes  that  use  s^Med  be  easily 

ha  e  additionally  built  a  system  that  provides  an  “  Z«e  our 

extended  to  support  additional  policies.  such  as  fault sTstm  In  P^.  many  UNIX 

system  is  extremely  sensitive  to  changes  standard  which  contains  many  changes  not 

platforms  will  be  supporting  *e  System^  RJ  study  of  the  System  V  Release  4  is 

present  in  the  current  version  (System  V  )  mnrlifvine  the  Distributed  Configuration 

radically  tom  Current  static  shared 

library  implementation. 

5  Conclusions/Future  Research  Opportunities 
5.1  Results 

This  report  has  demonstrated  the  successful  design  and  impkmentat.on  of  a  process  rmgration 

system  that  provides  network  configuration  capabilities  t0  user*  “ondor  Distributed 

contribution  was  extending  an  existing  process  ™UNjx  shared  libraries.  Shared  libraries 

Batch  System  to  support  the  migration  of  processes  that  use  UNIX  shareo  l m  .  te 

have  b L  demonstrated  to  reduce  code  sine  and  espelTconsidenng  thft  the 

Condor  migration  mechanism  to  migrate  such  processes  is  beneficial programs, 
typical  user  of  a  process  migration  system  is  running  arge,  co  p  ,  d  an  object-oriented 

"in  addition  to  extending  the  process  migration  mechtmism  we  ^ 

framework  designed  to  support  additiona  researc  m  e  network  configuration  to  drive 

version  of  the  Distributed  Configuration  Manager  uses  a  policy  of  netJ°*  C“  8  existi  system 
the  migration  system.  However,  future  research  can  b « i  aim ^d  at  ext entog  the  JJ  ^ 

to  support  policies  of fW  baUncmg and 

—  rd^o^ tPrenld“machine  is  to  be  removed  from  the  available  list. 

5.2  Conclusions 

While  a  process  migration  system  may  be  constructed,  we  »  ^“pjtes 

benefits  can  not  be  realized  until  our  application  is  in  general  use.  Beca  y  P 

outside  of  an  existing  operating  system  kernel,  it  is  very  sensitive  ‘“7“ minimize  this 

SSSsSHSS SsS-HSsS 

because  the  distributed  simulation  objects  considered  for  migration  are  sufficiently  large,  heretore, 
migration  will  consist  of  only  a  small  fraction  of  total  execution  time. 
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quire^eHnl  toalw^l  ^7  h°W^'  software  Prance  re¬ 

trend  to  continue.  SysZs  sucZ ZlSTT  t  7n °{^dmre  Performance  and  we  expect  this 
high-performance  computer  users.  b  d  Confi«uratlon  Manager  will  always  be  useful  to 


5.3  Future  Research  Opportunities 


howeZTrZ  fmtoaZ  ra18  T  ?  C°ntr°1Ied  by  *  simpk  "etwork  configuration  policy; 
structed!  WpTticXnZ  tZhefrSmhPOn  Whkh  m0re  policies  may  be  con 

and  dynamic  load  balancing.  h  COmmumty  Me  systeras  ‘hat  promote  fault  tolerance 

theZtdownTnd  h"d»re  crashes.  Using 

may  construct  policies  that  allow  users  to  comnUelv  tributed  Configuration  Manager,  we 

fauU  and  they  can  continue  execution  after  the"  Jf  hafbZZintd" 

others.  u“  prSoZZl"mZeS  ”  ""  ‘ZT 

from  heavily  loaded  machines  to  lightly  loaded 1Sm’  ^  ^  U*  1  a  ?ys^em  tbat  miSrates  processes 
even  system  performance.  Although  <?nrh  mac  mes  o  evenly  distributed  workload  and  provide 

to  determine  what  kinds  of  performance  gaS  ra  pos^ble!^  ^  *  mUSt  ^  C°nStrUCted  and  tested 
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investigation  of  third  order  nonlinear  optical  and 

ELECTRO.OPTIC  PROPERTES  OF  STRAINED  LAVER  SEMICONDUCTORS  WITH  APPLICATION 

TO  OPTICAL  WAVEGUIDES 


M.  J.  Potasek 
Research  Professor 
Department  of  Applied  Physics 
Columbia  University 


Abstract 

TE.S  research  mves.rga.ed  .he  pr.perr.es  *  sdarped  ,aVer  ,,1-V  se^c.pd.c.rs  wr.h  par,,..,., 
•mphasrs  ..  nonl drear  op,..,,  appliCrorrs.  In  order  ,o  hroadep  ,he  sc.pe  .f  ,h.  research  h.,h 
thrrd  order  nonlinear!, ,e,  and  elecrro-opric  effects  were  considered. 
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TMVFSTTGATION  of  third  order  nonlinear  optical  and 

ELECTRO-OPTIC  PROPERTIES  OF  STRAINED  LAYER  SEMICONDUCTORS  WITH  APPLICATION 

TO  OPTICAL  WAVEGUIDES 


M.  J.  Potasek 


Introduction 


The  prospect  of  integration  of  several  components  such  as  detectors,  lasers  and  modulators  mak 
semiconductor  materials  advantageous  for  applications.  In  particular,  the  III-V  semiconductors 
cobble  interest  for  applications  in  the  visible  end  peer  infra, ed  spectral  regtons.  In  order  to  gn.de  .he  light 
waveguides  are  often  used.  Semiconductor  waveguides  are  of  interns,  for  applications  ranging  from 
communications  to  computing. 

Recent  research  efforts  have  focussed  on  the  quantum  confined  Stark  effect  However  because  of  the 
electron  hole  recombination  dynamics,  devices  based  on  this  concept  are  rather  slow.  As  a  result,  all  op 
processes  are  being  actively  pursued.  These  advances  use  die  third  order  nonlinear  susceptibility  which 
encompasses  the  intensity  dependent  change  u,  the  refractive  index  (n2  is  the  coefficient  of  this  nonlinear 
index,.  In  intensity  dependent  media,  the  phase  of  the  wave  changes  a.  a  function  of  d, stance  g.vrng  rise  ,o 
phenomena  which  are  used  for  divers,  applications.  These  have  included  the  five  channel  nonlinear  directional 
couple,  (1-3),  nonlinear  M.ch-Zehnder  interferometer  (4-5).  polarization  switches  in  birefrmgent  fibers  (6-7), 
two  core  fiber  nonlinear  direct.on.1  couple,.  (8-9).  and  semiconductor  multiple  quantum  well  (MQW) 

waveguides  (10-11). 

However,  the  study  of  third  order  nonlme.rities  often  require  fas.  pulsed  lasers.  Therefore  m  order  to 
broaden  this  investigation  and  incorporate  features  which  make  us.  of  more  near  term  laser  source,  we  have 
also  investigated  the  use  of  coupled  semiconductor  travelling-wave  amplifier.  This  system  ,s  s.gmficant 
because  i,  does  no,  involve  the  Quantum  confined  Stark  effect  and  yet  is  electro  optic  in  nature  which  blends 
,h.  applications  with  other  electro  optic  devices.  In  this  case,  a  single  semiconductor  amplifier  is  fabricated 
much  like  a  semiconductor  laser  with  the  exception  of  cleaved  ends  on  the  waveguide. 

in  the  beginning  sections  we  will  describe  research  on  die  third  order  nonlinearity  and  in  the  later  sections  we 
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will  discuss  the  electro  optic  travelling 

F  travelling  wave  systems. 

In  general  the  wave  equation,  .„v.m  ,h. 


govern  the  waveguide  phenomena,  as  described  below 


VxVx£  +  _L  0 


eoc2  at2 


where  E  „  the  ^magnetic  fre.d  and  D  i,  the  di,p„ee»en,  vector.  The  diapl.e.nr.n,  vector  i,  expanded  fr 


terms  of  E  as 


D  =  ev*E 


*  of*!  f*2  f *2 X<3> (f  -  ',) E(fl) E(t2)  E(t}) 


For  the  slowly  vaiymg  envelope  of  the  electromagnetic  field  (q). 


the  light  propagation  is  governed  by 


'?z  +  T&?«+S|?l2?  =0 


where  delta  includes  the  intensity  dependent  index 


of  refraction. 
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Material  Properties 

A.  stated  previously,  the  material,  of  interest  are  the  III-V  semiconductors;  in  p.rtcular,  materials  such  as 
InGaAs/GaAs  and  InGaAs/AlG.As,  These  are  strained  layer  materials  which  offer  band  gap  engineermg 
flexibility  often  no,  attainable  in  lattice  matched  materials.  Significant  parameters  including  .he  w.lhb.me, 
combination,  the  level  of  attain  and  the  material  concentration  in  layers  can  be  varied  to  modify  .he  physical 
parameters  such  as  the  band-gap,  electro  .pile  and  optical  properties.  Additionally  these  materials  have  band 
gaps  in  the  technologically  important  regions  of  0  85  urn  to  1.5  urn.  Furthermore,  recent  computations  indicate 

that  these  compounds  may  have  large  optical  nonlmeanties. 

In  the  case  of  thin  layers,  the  layer  mismatch  induces  internal  strain  rather  than  dislocations  (12,13).  The 
presence  of  the  bull,  in  strain  affects  the  sm.ctur.1  aspects  of  the  materials  and  ufiluences  their  electronic 
properties  through  strain  induced  changes  of  the  band  sm.cn.re.  Enhanced  optica,  properties  are  predicted  ,14- 
15).  A.  an  example  of  the  strained  superlative,  we  cite  the  InGaAs/GaAs  material,  in  which  the  InG.As  is  the 
well  material  and  the  G.A.  is  the  barrier  material  In  this  case,  .he  smaller  bandgap  material  is  unde, 
compression  and  the  larger  bandgap  material  is  unstrained.  For  small  amounts  of  Indium  m  the  matenal.  the 
barrier  heights  are  relatively  low  which  can  make  the  supp.rl.tice  effects  mom  prominent  (16-18). 

For  strained  layer  superl.tices  with  [1 1 1]  growth  axis,  die  orientation  of  the  latt.ee  constant  mismatch 
induced  stains  result  in  polarization  fields  directed  along  the  growth  axis  Group  III-V  semiconductors  are 
piezoelectric  and  strains  can  lead  to  electric  polarization  fields.  Because  one  of  .he  materials  is  m  biaxial 
tension  and  the  other  is  in  biaxial  compression,  the  electric  polarization  vector,  are  of  opposite  sign.  The 
internally  generated  elect, c  fields  modriy  the  el.ctonic  properties  of  the  superlattice.while  the  internal  fields  are 
screened  by  pho.ogenerated  earners  which  leads  to  large  optical  nonlinearities.  The  optica,  matnx  elements  are 
altered  because  both  the  electonic  energy  levels  and  wavefunctions  are  altered  by  the  internal  fields.  In 
InGaAs/GaAs  the  fields  shift  the  conduction  band  state  to  lower  energy  and  the  valence  band  to  higher  energy. 
This  effect  reduces  the  band  gap.  Since  this  is  a  type  1  superlattice  the  smaller  band  gap  G.  alloy  is  m  biaxial 
compression  and  the  light  hole  bands  are  split  away  fiom  the  heavy  bands  by  attain.  Therefore  the  band  edge 
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optical  properties  will  be  dominated  by  heavy  hole 


to  conduction  band  transitions. 


Semiconductor  Waveguides-Conpled 


Ft  information  proceeeing,  coupled  waveguide.  „  „„„  ^  ^  ^  ^ 

iu “up,w  (NLDC)  ™s  ~  -**-  betweM  Wo  ports  The 

'W,‘Ct“8  “  ^  “S“8  “  ^  -  refractive  index  m  a  Ime.r  direction., 

couple,.  Hus  locally  altera  the  wave  vector  miamatch  between  the  gutdea  in  »ch  a  way  that  the  effec.ve 

energy  tr.nefe,  and  coupling  length  sa„  be  ,djua,ed  by  v.*,ng  ,h.  mpn,  poWer.  DueC.na,  couple,  awitchea 
with  optical  gain  have  been  inveatigated  in  the  linear  regime. 

In  the  caae  of  inteneity  dependent  ,11  optical  awitching  in  aemiconducto,  w.veguidea,  the  conpled  equation, 
are  given  below 

tq'*+&l9ut+&\qx\l+a\q1\*)ql+lCq1 

iy°q'  2  y'iqu,~^^(l\\2+(T\q2\2)ql  , 


I92z+T^292«+S(|g2|2  +  C7|91|2)?2+^1 

=ir</i2  ~ yr2?2« -*'/w l?2i2+^ki  l2)?2 . 


(4) 


where  k  represents  the  hnear  cross  couplmg  and  the  term  on  the  right  hand  side  is  due  to  two  photon  absorptmn 
effects. 

Ih  Eg.  (4)  the  inteneity  dependent  nonlinear,*  i.  a  nonreaonan,  nonlinear,*.  Reaonan,  n.nlineantiea  can  be 
extremely  large,  bn,  recove*  tnnea  are  alow  becanae  thay  are  m.d.ated  by  carte,  recombmat.on  However, 
nomeaonant  nonlmearit.ea  can  have  rapid  recove*  timea  be.au,*  they  are  no,  aaaoca.ed  w„h  populat.on 
franafera  (19).  Me.aurementa  of  the*  nonhne.rit.ee  can  be  difficult  bec.uae  aevera,  proceaaea  mcludmg  virtual 
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and  real  camera  and  .hemal  effect,  car.  comitate.  Several  experimental  techniques  can  be  used  to  measure 
intentisity  dependent  nonlinear  index  changes  preluding  four-wave  mixing  (20),  nonlinear  F.biy-Perot  (21), 


and  fringe  shift  interferometry  (22). 

The  third  order  susceptibility  is  complex  wtth  the  mtens.ty  dependent  effects  determmed  by  the  real  part  of 
this  complex  function.  The  imaginary  part  is  comprised  of  two  photon  absorption  (TP A)  where  two  photons 
are  absorbed.  This  effect  causes  significant  problems  in  semiconductor  waveguides  because  it  is  essen  y 

nonlinear  loss  mechanisms.  Its  effects  on  coupled  waveguides  are  considered. 

In  order  to  investigate  the  effects  of  TP  A  on  semiconductor  properties  we  used  the  numerical  beam 
propagation  method.  Figure  1  shows  the  input  power  required  to  achieve  the  maximum  transmission  as  a 
function  of  TPA  for  various  coupling  parameters;  k=0.25  (solid  line);  k-0.5  (  dashed  line), 

dashed  line).  The  figure  shows  that  for  all  values  of  the  coupling  parameter,  the  required  input  power  increases 
as  the  value  of  TPA  increases.  This  represents  a  damaging  effect  because  it  indicates  the  extent  of  the  input 


power  lost  to  TPA.  As  a  result,  greater  and  greater  input  power  is  required  to  achieve  the  same  o  tp 
the  input  power  must  be  held  to  a  minimum,  the  TPA  presents  a  challenging  problem. 

Figure  2  shows  the  maximum  transmission  at  the  input  channel  as  a  function  of  TPA  for  var  P 


parameters;  k=  0.25  (solid  line);  k=0.5  (dashed  line);  and  k-1.0  (dot-dashed  line), 
amount  of  power  transmitted  declines  rapidly  as  TPA  increases. 


The  figure  shows  that  the 
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As  a  ^  of  the  TT>A  and  the  *gh  powers  retired,  we  deeded  to  mvestigate  electro  opt,  effects  m 
semiconductor  wavegu.de.  Next  a  coupled  system  w.th  d.stnbuted  gam  ar.smg  from  carr.er  injection  , 
considered.  The  act.ve  device  is  composed  of  two  coupled  traveling  wave  semiconductor  laser  amplifier.  In 

self-switching  arises  from  self-phase-modulation  (SPM)  associated  with  optically  induced  saturation 
of  the  gam.  A  schematic  is  shown  in  Fig.  3  below. 


“A  1  tl  ,F. 

~HTniinjrrmmA  ,  °utl 


y/w/w////////// 


'IuuwFdwiiI!^^ 


II 


Fig.  3 

The  effects  of  TPA  and  waveguide  dispersion  are  also  considered. 


Parameters 


The  subband-to-subband 


optical  gam  of  the  semiconductor  is  given  by  (23) 


4  ir2e2h  1  f 

nocmlWhu  (2^  /  *  £  I  «  ’  Km  (k)  |2 
x<  (£j(k)  -  ,i(k>  -  &,)  [/*(£;(k))  -  /*(£i(k»] 


(5) 


where  nO  is  the  index  of  refraction 
distribution  functions  for  electrons 


’  C  ,S  the  Speed  °f  Iight>  W  is  the  quantum  well  width,  and  the  f  s  are  the 
in  the  conduction  and  valence  bands.  The  total  material  gain  is  obtamed 


by 
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summing  over  all  subbands  n,m  and  integrating  against  a  Lorentzian 


function  (24) 


g(E)=  [dE''£,g*m(E')A(E-E'). 

**  nm 


(6) 


The  radiative  current  density  is  .valued  from  the  dipole  transition  rate  (25)  for  the  quantum  ooafm.d  carrier 
states 


R, 


*v 


=  J  d{hu) 


4e2n0ftu;  1 

Zmlfh2  (2  x) 


E/*E 

nm  J  * 


p<r 

*  nm 


(k) 


6  (£'(k)  -  (k)  -  hu)  [/“(££(k))][l  -  /h(£m(k))| 


(T) 


At  low  concentrations  the  carrier,  obey  the  Bol.znurn  s.attstics  with  the  current  being  proportton.l  to  the  square 
of  the  injected  earner  density  n.  However  a.  higher  carrier  dens.ties  the  emits, on  rat.  falls  off  from  the  n2 
curve  (23).  The  Ugh,  only  expenences  opt, cal  gam  m  the  well  region,  as  a  result  it  is  conv.men.  to  characterize 

the  gain  by  a  confinement  factor  given  by 


r  =  N~fW. 


(8) 


where  N  is  the  number  of  quantum  wells  used  in  the  multiquantum  well  structure,  W  is 


the  width  of  each  well 


26-11 


and  gamma  is  the  optical  confinement 


per  unit  width  of  quantum  well. 


shown  below  for  50  A  wells  for  various  M 

nous  carrier  concentrations  (23). 


A  gain  curve  for  InGaAs  materials  is 


Fig.  4 

A  Fabry-Perot  resonator  ,s  assumed  for  the  senueottdncto,  amplifto.  The  inter.., tons  between  the  cart., 
concentration  and  the  photon  p„pul„,00  m  ,he  ,ctive  regio„  „f  ^  ^  ^ 

coupled  multimode  rate  equations  (23) 


dT  -  [AT g(n,Em)  -  ae](~)S£,m  +  0NRsp(n) 
dn  _  J  c  8 

dt  ~  tN~  ~ 
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Mode  Equations 


An  active  system  is  composed  of  two  parallel  travelling  wave  semiconductor  amplifiers  with  distributed  gain 
arising  from  carrier  injection  by  pumping  current  into  twin  stripe  contacts.  The  input  beam  is  injected  into 
channel  1  and  the  gain  of  each  amplifier  is  adjusted  by  varying  the  pumping  current,  I.  The  electromagnetic 
field  is  a  superposition  of  the  modes  of  the  isolated  single-mode  waveguides  given  by 


E(x,y,z.t)  =  |  S  [fj  (x.y)Aj(z,:) 

•  exp  {i(0z  -  a>0r)}  +  c.c.)  (1°) 

where  A  is  the  slowly  varying  envelope  of  the  electromagnetic  field.  Linear  coupling  between  the  two  modes  is 
provided  by  the  evanescent  overlap  of  the  two  waveguide  modes.  The  coupled  equations  are 


£ 

dz 


+  --} 

y,dt\ 


<4, 


ik/L  +  -( 1 


and 


£ 

dz 


1  d  ] 

T,T,\A’m,‘A' 


+  2(' 


ioc)gi(N2)A2. 


(ID 


where  alpha  is  the  linewidth  enhancement  factor  and  the  g,s  are  the  intensity  gains  (dependent  on  the  carrier 
densities,  N).  The  linewidth  enhancement  factor  is  a  constant  independent  of  density.  When  k=0  the 
expressions  reduce  to  an  uncoupled  semiconductor  amplifier  (26-28).  For  a  one  coupling  length  device  light 
will  transfer  from  guide  1  to  guide  2  without  distortion  in  the  linear  limit.  When  the  optical  pulse  duration 
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exceeds  the  intraband  relaxation  time  the  a  j 

,  tne  induced  polarization  can  be  eliminated  and  the  field  matter  interaction 

is  given  by  a  set  of  coupled  equations  The 

ihe  carrier  densities  for  the  semiconductors  obeys  the  equations  (27-28) 


dNj  h  Nj  gj(Nj) 

dt  qV  r c  hojQ  ' 


the  injection  current,  q  is  the  electron  charge,  and  V  is  the  cavity  volume.  A  linear  dependence  of 
the  gam  on  the  carrier  density  is  given  as 


8j(Nj)  -  Va(Ni  -  /V„)  jm  1,2 


where  No  is  the  transparency  carrier  density 
A  cross  section  averaged  gam  relaxation 
the  carrier  diffusion  length  (29) 


equation  is  used  smce  the  waveguide  dimensions  are  smaller  than 


d8,  (gj  ~  8 jo)  gj 


~  T~  M/l  y-  1.2 


where  Esat  is  the  saturation  energy,  lo  is  the  transparency 


coupling  length  device  is  considered  so  that  at  low  i 


current  and  go  is  the  small  signal  gain.  A  one 


It  is  assumed  that  the  width  of  the  pulse  is  much  less  than 


input  mtensities  the  light  exists  through  the  other  waveguide. 


the  carrier  lifetime.  As  a  result  the  amplifiers 


determined  by  rhe  smell  sigmrl  gam  a„d  the  Imewidth  enhancement  factor.  The  expermrenral  value  of  rhe 
linewidrh  e^rancemen,  facto,  ,s  about  6.  the  nonlinear  abaorptron  ,nd  disp,„,0„  „cglected>  ,he„  ^ 


optical 
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switching  performance  is  limited  to  50  %  of  the  output  energy  (30). 

Results 

In  addition  to  the  effects  discussed  above,  dispersive  and  absorptive  factors  are  important  m  semiconductor 
devices.  These  features  are  incorporated  and  their  behavior  is  studied  using  the  numerical  beam  prop  g 
method  (NBP).  Figure  5  shows  the  switching  fraction  as  a  function  of  input  intensity.  The  section 
hand  side  corresponds  to  no  dispersion  (less  than  50%  of  the  light  switching);  whereas,  the  right  hand  side 
includes  the  effects  of  dispersion  (about  80%  of  the  light  switching).  This  result  represents  a  significant 
improvement  in  waveguide  perfromance  and  is  an  important  consideration  for  applications  and  material 

considerations. 


Fig.  5 
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he  effects  of  TPA  c„  „so  csose  distotttoo  s„d  loss  Fig.  6  show,  the  effects  of  htgh  powet  withoo,  the 
p, eset.ee  of  TPA.  Oo  the  left  hspd  stde  the  Ugh,  ptpe,  p,,„  „ne  „sVe8„|de  is  sotp.tfied  ttpd  tepts.ps  l„gely  p, 

ths.  gotde  U,  coousst,  the  tight  h.ttd  stde  shows  the,  „ttle  Ugh,  hss  beep  ffsnsfetsed.  These  tesplts  show 
good  behavior  for  the  semiconductor  materials 


Next  we  investigate  the  effects  of  TP  A  on  the  semiconductors.  Figure  1  shows  the  results  when  TPA  is 
included.  On  the  left  hand  side  of  the  figure,  the  light  is  amplified  and  then  decays  as  the  absotpt.on  takes 
place.  Correspondingly,  on  the  right  hand  side  of  this  figure  more  of  the  light  is  tt.nstmtted  than  in  Fig.  6  and 
the  pulse  shape  is  distorted.  However,  the  amount  of  distortion  and  lost  power  is  less  than  for  the  configuration 
using  the  third  order  nonlinear  optical  properties. 


-1  -2  0  2 


TIME 


Fig.  7 
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Discussion  and  Summary 


We  have  .vested  ,he  peepers  of  thud  order  nonlinear  optical  ,nd  .lec^ptical  ^  m 
semiconductor  shamed  layer  materials.  These  materials  are  advantageous  for  man,  applications  m 
communications  and  computurg.  They  etchrbi,  band  gap  engineermg  m  the  visible  and  near  mfrared  specna, 
tegtons  for  use  m  las,,,  modulators,  stvrtches  and  detectors.  The  materials  „e  also  useful  fo,  mtegration  of 
Vartous  dev.c.  component,  descrrbed  above.  Whiie  eithib.ting  large  thmd  order  nonhnear  optica,  propen, es, 
the  effect,  of  two  photon  absorpt.on  degrades  the  performance  of  the  semiconductor  devices,  fn  add,,, on,  the 
tlurd  order  uonlmea,  propen.es  ,eq„ne  fas,  laser  sysrems  fo,  thei,  rnvestigatron.  Therefore  we  also  investigated 
eiectro-optic  effects  in  semiconductors,  hi  order  to  avoid  the  slow  time  constants  of  the  charge  recomb, narion 
effects  due  to  electron  ho,,  recombm.tion  rates,  w.  investigated  travelling  wav.  amplifier,.  These  systems  have 
g  Of  relatively  low  power  and  perhaps  easier  integration  with  other  semiconductor  devices  such  as 
lasers  aud  detectors  ,„  a  s,„g„  packagmg  „  was  found  tha,  when  the  dispersive  effects  of  the  semiconductors 
were  taken  effect  relatively  good  system  performance  w,s  achieved.  Therefore  the  travellmg  wave 
amplifier8  may  represent  a  more  advantageous  near  term  applicatton. 
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development  of  control  design  methodologies 
FOR  FLEXIBLE  SYSTEMS 
WITH  MULTIPLE  HARD  NONLINEARITIES 

Armando  Antonio  Rodriguez 
Assistant  Professor 
Department  of  Electrical  Engineering 
Arizona  State  University 
Tempe,  AZ  85287-7606 

1  Overview  and  Significance  of  Research 

This  report  summarizes  research  couducterl  under  Research  Initiation  Proposal  #  »W5.  Ther^eardita 
focussed  on  two  areas:  (1)  meddling  and  eon.ro!  of  fi.xibl.  (distributed  parameter) 

t,„I  of  systems  with  multiple  hard  nonlinearities.  The  major  con.ributrons  to  each  are,  are  now  summarized. 

1.1  Modelling  and  Control  of  Flexible  (Distributed  Parameter)  Systems 

Practically  speaking,  fleMk  systems  are  systems  for  which  the  structural  modes  overlap  in  frequency  with 
the  dlld  bandwid  h  requirements.  Such  system.,  in  general,  are  modelled  by  partial  different.,  equations 
“e  are  said  to  be  d, stated  pemmeteror  in/ini, e-dimeasien.l  systems.  Until  this  work  mediod 
which  permit  the  design  of  controllers  to  deliver  a  pre-specifled  level  of  performance  for  a  genera  d.str.b 
parameter  (re.  complex)  system  did  not  exist.  Throughout  the  course  of  this  research,  met  od.  wbmh 
permit  the  design  of  near-optimal  finite-dimensional  controllers  for  such  systems  have  been *v«bP<»h 
has  been  done  for  the  so-called  W”  sensitivity  and  mixed-sensitivity  design  paradigms  w  1C  ave  tec 
much  attention  for  Unite-dimensional  systems.  The  methods  have  been  applied  to  the  problem  of  control  g 

a  flexible  space  structure. 


1.2  Control  of  Systems  with  Multiple  Hard  Nonlinearities 

For  physical  reasons,  system  designers  often  wan.  to  ensure  that  certain  variable,  do  not ; 

Umits  In  the  case  of  missile  systems,  such  variables  may  include,  for  example,  (in  positions,  fin  rates,  angl 
of  attack,  Sideslip  angle,  etc.  Typically,  adhoc  modifications  are  employed  and  extensive  simulations  must  b 
performed  to  justify  the  modifications.  A  procedure  for  systematizing  this  process  has  been  developed  g 
this  research  Unlike  previous  methods,  the  method  developed  here  is  accompanied  by  nominal  perform, 
guarantees.  More  specifically,  the  completed  research  has  shown  how  an  initial  control  system  e^  c 
systematically  modified  to  accommodate  memoryless  hard  nonline.rit.es  (e.g.  saturating  actuators) 

were  initially  not  modelled. 
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1.3  Supporting  Publications  and  Contributions 

The  following  publications  acknowledge  the  support  of  the  Research  Initiation  Proposal: 


Modelling  and  Control  of  Flexible  (Distributed  Parameter)  System, 

‘  ITf  “,d  A'A'  g““'  “SyS"m  Ident"k“i°"  f'°m  »  *e,uency  Response,”  Proceeds 
Of  the  32nd  Conference  on  Decision  and  Control,  San  Antonio,  TX,  December  15-17,  1993. 

2  'm  “tf  ““  t A  R°driS““’  “SySlem  »  barney  Response:  A  Sequen- 

ba  Algor, thm,  subnutted  for  publication  in  the  Proceed, „ss  of  tte  American  Centre,  Conferee 
Baltimore,  MD,  June  29-July  1,  1994.  conference, 

3  Plls^d;gUeZ;nd  Cl0Utier’  Sensitivity  Minimization  for  Unstable  Infinite-Dimensional 
2155-2159. 1UgS  °  1  6  AmenC<in  C0ntr°l  Confer*nce>  San  Francisco,  CA,  June  2-4,  1993,  pp. 

4.  A  A.  Rodrigue,  and  M.A.  Dahleh,  Control  of  Stable  Infinite-Dimensional  Systems  using  Finite- 
ensiona  echmques,”  submitted  for  publication  in  IEEE  Transactions  on  Automatic  Control,  1993. 

5  Syl^-Tbmitfrr  °f  r  °Ptimal  Finite-DimensionaI  Controllers  for  Unstable  Infinite-Dimensional 
Systems,  submitted  for  publication  to  AUTOMATICA,  1993. 

bl  S  g  ez  and  Delano  Carter,  Hierarchical  HAC*«/LAC  Vibration  Suppression  for  a  Flexi- 

Cenfr  f,Cr  CE'"  f°'  PUb,iC*li°"  h  lh'  Control 

Conference,  Baltimore,  MD,  June  29-July  1,  1994. 

7‘  77  HRfd'iSUKr  “d  De'm°  Clr‘W'  C°"tt0'  °fSPICE:  A  FI“iMe  L—  B«*n>  Expander,”  sub- 
nutted  for  publication  in  the  Journal  of  Dynamic  Systems,  Afeasumments,  and  Control. 


Control  of  Systems  with  Multiple  Hard  Nonlinearities 


L  sAubAmiUedtUeZ  b^  C'0Uti"'  ■C°"‘,°l  *  Bank-tcrTWMissile  with  Saturating  Actuators,” 

submitted  for  publication  the  Proceed^,  of  tk,  M4  American  Control  Conference,  Baltimore, 

2.  A.A.  Rodriguez  and  J.R,  Cloutier,  -Control  of  a  Bank-tcTWMissil.  with  Multiple  Saturating  Ac 
a  ore,  in  preparation,  to  be  submitted  to  AIAA  Journal  of  Guidance,  Control,  and  Dynamic. 

3-  AJL  Rodriguez  and  S.N.  Balakrishnan,  -Performance  Enhancement  for  Missile  Guidance  and  Control 
Systems,  proposal  submitted  for  invited  session  to  19,4  Amenca,  Con, ml  Conference,  Baltimore, 

4.  AA  Rodriguez  Md  S.H.  Balakrishnan,  “Performance  Enhancement  of  Missile  Guidance  System,  in 

and  777 r  l  Sa‘“titinS  Ac‘u,tors  ”  m  Ptepatation,  Invited  session,  1994  AIAA  Gui dance 

and  Control  Conference,  Phoenix,  AZ. 
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5.  M.  Sonne  and  A. A.  Rodriguez,  “PC’s  in  the  Design  and  Evaluation  of  Guidance  and  Control  Systems 
to,  Missiles,”  to  appear  in  the  Proceeding  of  Ike  19H  International  Conference  on  S.m.l. 
Engineering  Education,  Tempe,  AZ,  January  24-26  1994. 

6.  M.  Sonne  and  A  .A.  Rodriguez,  “A  PC-based  Graphics  System  for  the  Evaluation  of  M-e  < Guidance 
and  Control  Laws,”  submitted  for  publication  in  the  Proceeding  of  Ike  American  Control  Conference, 

Baltimore,  MD,  June  29-July  1,  1994. 

7  S  C.  Warnick  and  A.A.  Rodriguez,  “Longitudinal  Control  of  a  Platoon  of  Vehicles  with  Saturating 
Nonlinearities,”  submitted  for  publication  in  the  IEEE  TVsnsuctiens  e»  Control  Tecknolo,,. 

The  completed  research  provides  two  significant  contributions  to  control  system  designers.  First,  it 
provides  a  systematic  procedure  for  controlling  flexible  (distributed  parameter)  systems.  In  so .  d If, 
provides  a  simple  method  for  ascertaining  the  optimal  performance  for  various  H  crrierion.  , 

provides  a  method  for  modifying  an  existing  compensator  to  accommodate  initially  unmo  '  ' 
hard  nonlinearities  (e.g.  saturating  actuators,  etc.)  and  maintain,  to  the  extent  possible,  the  directionality 

properties  of  the  original  design. 

2  Modelling  and  Control  of  Flexible  (Distributed  Parameter) 
Systems 

In  this  section,  the  portion  of  the  research  result,  related  to  modelling  and  control  of  flexible  (distributed 
parameter)  systems  are  described. 


2.1  Modelling:  System  Identification  from  a  Frequency  Response 

Often  an  analytic  model  fo,  the  system  unde,  consideration  is  not  available.  Instead,  an  engineer  may  have 

\  A  In  In  Ml  121  it  is  shown  how  such  data  can  be  exploited  to  develop 

access  only  to  frequency  response  data.  In  llj,  14,  it  is  snown  no 

models  which  are  suitable  for  control  design. 

Iterative  Approximation  Scheme.  In  [1],  the  authors  pose  a  nonlinear  C‘  model-fitting  problem  winch 
addresses  additive  and  malfiplimli.e  modell.n,  error,.  The  problem  can  be  stated  mathematically  as  follows. 


where, 


inf  f  tr{EH  (ju)E(ju))}  du 

di.nl*  JO 

nf  \  **  f  P(s)  ~  P{s)  additive; 

E(.s)  -  ^  p-i(s)[P(s)  -  P(s)}  multiplicati 


ip/  \  )  *  V  /  V  /  A  . 

E{s)  -  y  p~l(s)[P(s)  -  P(s)]  multiplicative 
P(jw)  is  a  given  frequency  response  (possibly  MIMO), 
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is  the  approximant  to  be  constructed,  and 


nu(s)  n  i2(s) 


N(s)  'W  ”21^  "22^  " 


«lr(s) 

«2r(s) 


nn(s)  nr2(s)  •••  nrr(s) 


n*V  («)  =f  nW}.  smv  +  ■  ■ .  +  n[li]s  +  n[‘j] 


d(s)  Hf  s"  +  dn-1s"-1  +  ...  +  d0 
Since  the  above  optimization  is  nonlinear  in  the  parameters.  the  n, 


simpler  optimization: 


parameters,  the  problem  was  reformulated  to  yield 


where  now  the  error  E  is  given  by 


*SLi  J0  du> 


E(s)  W  W(s)[N(s)  -  d(s)P(s)] 

and  ideally,  to  make  the  simpler  problem  look  like  the  original  problem, 
function  W  as  follows: 


one  would  like  to  select  the  weighting 


W(s)  =f  (  additive; 

l  N~1(s)  multiplier 


l  AT  *(s)  multiplicative 

However,  rf(s)  and  Af(.)  are  unknown  nprmn.  Proceeding  with  algebraic  manipulations,  the  above  simple, 
optimization  yields  the  following  quadratic  optimization: 


inf  -xtAx  -xTb  +  c 

X  / 


whose  solution  can  be  found  by  solving  a  system  of  linear  algebraic 


equations: 


Ax  =  b 


lolf’  ‘:,a”d  '  deP“d  th'  ft'q,"ncy  KSP° nse  dat*  “d  1  “-known  parameters  of  the 


approximant. 


e  Procedure  for  Weighting.  Since  d(s)  and  N(s)  are  unknown  apriori,  the  following  iterative 
procedure  suggests  how  to  select  the  weighting  W. 


Choose  Wi=l 
Solve  for  and  dx 
Let  W2(s)  =f  / 


additive; 

s)  multiplicative 


27-  6 


Solve  for  Ni-i  and  dj- 1 


Let  Wi 


r.(  \  4if  j  di-i(a) 

,{  )  ~  \Nr_\(s) 


V 

Solve  for  Ni  and  d{ 
Let  Pi  — 


additive; 

multiplicative 


Consequently,  the  initial  nonlinear  optimisation  is  addressed  by  solving  a  sequence  of  quadratic  opti¬ 
mization  problems.  In  [1],  the  above  iterative  method  is  applied  to  a  variety  of  physical ^ms, 
infinite-dimensional  and  finit^dimensional.  The  method  is  shown  to  be  compete,  with  ex 
those  which  rely  on  analytic  models  and  those  which  rely  on  frequency  response  data  alone. 

Sequential  Algorithm  for  Large  Approximants.  A  limitation  of  the  previous  method  is  seen  when 
large  order  approximants  are  sought.  In  such  a  case  it  requires  that  one  be  able  to  solve  a  large  system  o 
possibly  ill-conditioned  algebraic  equations.  Such  a  method  is,  of  course,  hunted  by  the  compu  '"*  ««■ 
available  In  (2),  a  sequential  method  is  presented  for  constructing  the  approx, mants  -  at  each  step  y 

Ids  to  solvl  a  small  system  of  equations.  The  sequential  algorithm  presented  in  [2  — t.y  pernmts 
the  construction  of  high-order  models  which  can  approximate  the  original  data  as  c  ose  y  as 
algorithm  can  be  described  as  follows. 

Suppose  that  an  approximant  P  which  approximates  P  over  the  frequency  range  [8.,  S  R I »  desired. 
Partition  [fio,fliv]  as  follows:  [flo.C.v]  =  U,*,,1  [fli , Illvl  where  fii  <  fi,+l  for  a  i 
obtain  the  approximant  P,  one  proceeds  as  follows: 

Step  1:  Obtain  approximant  of  G(jw),  denoted  Pi(jw),  on  [Qyv-i,  Oiv], 

Step  2:  Obtain  approximant  of  (^P(jw)  -  A(j«0)>  denoted  Pzijw),  on  [^N-2,^N 


Step  i:  Obtain 


approximant  of  ( P(jw )  -  £ PiU™ )),  denoted  Rt(J w),  on  [fij v-iM 


This  process  is 


continued  up  to  and  including  i  =  N.  The  final  approximant  is  then  given  by 

P{s) 


Damped  Euler-Bernoulli  Beam.  The  above 


methods  were  applied  in  [2]  to  a  model  for  a  Damped  Euler- 


Zonlli  BeaT  The  mode,  for  a  Damped  Enler-Bernonlli  Beam  is  given  by  the  following  parti.,  difierentia. 


equation: 
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( F,  P  v  i  c  t  ®3v  ^  .  d2v  dv 

a*  r'a.>  +  c‘Ie*m)  +  mwcrn  = 

The  associated  transfer  function  is  given  by 


where 


P(s)  =  s)  _  cos(a)  —  cosh(a) 

T(s)  Eja2(cos(a)cosh(a)  -  1) 


a4  =  — 


ms2  +  cs 


The  beam  Parameters  used  we,,  as  follows:  c  =  c,  =  0.001,  m  =  /  =  0.1,  E,  =  0.01.  Figure  1  exhibits  the 
frequency  response  of  the  beam.  8  “ 

diJr."  I  ShT  th:  "T™  m0de''ine  '"°'S  WhiCh  "S"U  "  generi“in*  “  [-*,  »]  approximate  ■  for 
Afferent  values  o  n  when  the  iterative  procedure  is  used.  Figure  3  shows  the  additive  modelling  error  which 

iterJ  rh"!^  Seq“e"tiaI  alg0rithm  ‘°  *e"era‘e  *  19'h  "der  Whereas  the  original 

sequential”!  °vT”  q”  ^  senerate  10“  order  approximants  on  a  SPARC  II  workstation,  the 

eqnenttal  ^gor.thm  easily  generated  a  19»>  order  approximant.  One  sees  that  the  peak  error  for  the  8* 

order  mode,  l.es  below  -20  db  whereat  the  peak  error  for  the  l*t  order  model  lies  below  -30  db. 


■Tta  la,  an  apprwttaan,  wi,h  an  .*  order  denominator  and  an  („  .  „«  otdcr  n^*,. 
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additive  error  magnitude  (dB) 


Euler  Bernoulli  Beam  - 


Figure  2:  Additive  Modelling  Error  for  [n-1 


2' 


additive  error  magnitude  (dB) 
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H°o  Control  for  Distributed  Parameter  Systems 


During  the  1970’s  the  predominant  control  design  paradigm  relied  on  solving  stalled  «>  optimisation 
probll  During  the  1980’s  the  locus  was  on  «»  optimise., on  problems  [3  The  P™  —  ^ 
the  past  20  yearn  has  been  on  methods  for  finite-dimensional  systems-  Not  untrl  the  m,d  1  80  d.d  nduut 
dimensional  systems  receive  appreciable  attention  by  the  control  systems  commumty  (see  [4]  and  referenc 
therein).  E,I  then,  most  researchers  focussed  on  obtaining  closed  form  solutions  to  complex  op.— 
problems  for  specific  infinite-dimensional  systems.  Most  results  obtained  were  not  readrly  applicable  to 
systems  Not  until  [4]-[7],  were  methods  presented  which  applied  to  a  large  class  of  mfimtrsd.mensronal 
systems  In  [41,  the  authors  show  explicitly  how  to  construct  near-optimal  finite-dim.ns.onal  compen.a  o 
for  a  large  class  of  distributed  parameter  systems  subject  to  71“  design  specific.t.ons.  The  m-  .dees  a, 
as  follows.  For  simplicity,  it  will  be  assumed  that  the  plant  (i.e.  system  to  be  controlled)  rs  a  hnear  trme 

invariant  (LTI)  C2  finite-gain  stable  system  [8]. 

Mixed- Sensitivity  Performance  Criterion,  Suppose  that  the  optimal  performance  is  defined  in 
terms  of  the  following  weighted  W°  mixed-sensitivity  problem: 


[  Wi  ] 

[w2k\ 


^‘-KstibiLingl  1  -PkI 

li  ll^oo 

Here,  it  is  assumed  that  the  weighting  functions  and  It's  are  stable,  minimum  phase,  proper  and 
finite-dimensional;  i.e.  Wi,  V W.R,  W*  €  JK»  M-  Given  this,  the  above  opt.— 
dimensional  and  hence  difficult  to  solve  directly  for  arbitrary  infinite-d— al  plants  P.  F  thm 
an  Approximate/ Design  phikmophy  is  proposed  in  [4],  in  which  the  mfimte-d.mens.onal  p  ant  P, 
approximated  by  a  finite-dimensional  approximant  P„.  Then,  one  considers  the  follow, ng  fin, «e-d, mens, 

optimization 


r  ' 

[W^K 


—  *  f  *•  J 

^ "  Kstabilizing  II  1  —  fn-K'  11 

for  which  near-optimal  solutions  Kn  can  easily  be  constructed  [3],  In  [4),  it  is  shown  that  if  P„  is  sufficiently 
close  to  P,  then  the  actual  performance,  given  by 


III  Wl 

1  [w2k„ 


l-PKn 


will  be  close  to  the  optimal  performance  popt-  More  precisely,  if 

lim  ||P„  -  ■P||«~  =  0 
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lim  fin  =  ^  opt 

n — ►  oo 

Given  this,  the  above  App — /^  P-edure  * 

designing  finite-dimension,,  controller.  tot  complex  stable  distributed  parapet  system  (see  Figures  £ 
A, so  it  to  interesting  to  note  that  the  app.oximants  ft  can  be  constructed  directly  from  tregu.ncy  response 

data  P(jw).  The  unstable  case  is  treated  in  [5],  [6]. 

Sensitivity  Performance  Criterion.  Also  treated  in  [4]  is  the  stalled  weighted  M» 
problem.  For  this  problem,  the  optimal  performance  is  defined  as  follows: 


^0J>i  /(stabilizing  ||  1  —  PK  ||^oo 

where  W  S  RK“.  For  this  problem,  the  construction  of  a  near-optimal  compensator  to  more  complex. 
t  thto  problem,  the  approximan.  P.  must  be  such  that  the  inner  and  outer  parts  W 
approximate  the  inner  and  outer  parts  of  the  plant  P„  P..  The  unstable  case  IS  treated  ,n  [5],  [6]. 

3  Performance  Enhancement  for  Systems  with  Multiple  Hard 
Nonlinearities 

this  section  a  method  is  presented  fo,  enhancing  the  performance  of  a  control  system  in  the  presence  of 
multiple  memoryless  nonlinearities.  For  simplicity,  the  discussion  is  linuted  to  control  satura  ion. 


3.1  Method  for  Accommodating  Saturating  Actuators 

While  an  AFOSR  Research  Associate  at  Eglin  Ai,  Force  Base  and  throughout  the  course  of  this  research,  the 
principal  investigator  has  focussed  on  the  problem  of  enhancing  performance  in  the  presence  of  «!« 
hard  non, ine.rit.es  and,  in  particu.ar,  multiple  saturating  actuators  P»M-  "  “ 

based  on  the  work  of  [14]  and  the  more  recent  work  of  [15].  Other  approaches  are  described  in  M,  **  y 
suffer  from  performance  and  stability  problems.  To  describe  the  procedure,  some  notation  assump 

will  be  needed. 

Let  P  denote  a  linear  time  invariant  (LTI),  multiple-input  multiple-output  (MIMO)  plant.  Let  K  denote 
a  LTI  MIMO  compensator  with  state  x(t )  and  state  space  triple  [A,B,C],  i.e. 

■  n-  u  =  Cx  ^ 


x  =  Ax  +  Be 


The  pair  (P,  K)  can  be  visualized  as 


shown  in  Figure  7.  The  following  assumptions  will  be  made  on  P  and  K. 
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Assumption  3.1  (Assumptions  on  P  and  K) 

It  will  be  assumed  that 

(1)  P  is  stable. 

(2)  K  ha.  been  designed  so  that  the  dosed  loop  system  in  Figure  7  has  desirable  properties  ». 

(3)  K  is  neutrally  stable3. 

(4)  The  pair  (A,  C)  is  observable. 


The  case  where  P  is  unstable  will  be  discussed  subsequently.  The  compensator  K  may  be  designed  using 

any  linear  design  methodology  (e.g  H°°  V?  £}  T  Of1  /TTR  ,  \  r»i  w  ,  g  S 

.  a  -U  A  ,  ;  S  n  ’  n  '  L  >  LQG/LTR,  etc.)  [3].  If  a  complex  model  is  available,  the 

methods  described  earlier  (see  [4]-[7])  may  prove  useful. 

It  is  implicitly  assumed  that  the  feedback  loop  in  Figure  7  ha,  W  properties.  Now  let  .*(.)  denote 
general  operator  modelhng  a  saturation  in  each  control  channel.  Also,  without  loss  of  generality,  it  will  be 

z:;.  z  r:  “  at  **.  ihai  -“h — aaity 

thislo  '  H  ■  ',7,  'r't  loop  in  Figure  8.  It  is  also  implicitly  assumed  that  the  performance  of 

f  m.r  ^  °f  lhe  —ns.  The  goal  then  is  to  modify  K  to  improve 

p  rformance.  Toward  thts  end,  the  structure  in  Figure  9  is  proposed.  In  this  figure. 


«p(<)  =  sat(u(t)) 


u(t)  —  k{t)  *  [A(ar,  e)e(tf)] 


where  t(t)  is  the  impulse  response  matrix  of  the  compensator  K,  .  denote,  convolution,  and  A  =  A(»,  e)  6 
'*  °"0”"“at”C'il“  Sam  WhlCh  dep'nd*  on  the  compensator  state  x(t)  and  the  error  signal  e(<)  = 

linearity  Is  assured.^  t">'e5'D‘S  *  "0'"i”a'  ^  ^  «—  *  «*“  —  V  W  -  «<>  -d 

no.1,”  Z  7TldZ  7  “mP“‘inS  A  “  SiV“'  Th'  idei  behi"d  ,he  P'°"d“"  “  ■taph-  If  the  system  is 
no  saturated,  „  should  be  allowed  operate  linearly  -  intended  with  A  =  ,.  ,f  the  system  is  on  -verge 

of  h  Totri  r  1  d  Sai"  "  Sinee  '  "  "  SCalaF'  ,UCh  Sai"  redUCti°n  lh<i  "■*««  coordination 

1  In.  F  Z  ^  P'0PertieS  °f  ‘he  OTiS‘“'  d“ig")-  p-ed„r.  •  -te  space 

representation  of  the  compensator  and  guarantees  finite-gain  stability  [8] 


2  e.g.  robust  performance,  etc. 

and  algebraic  multiplicities  cotecid^ with  ^ometri^Md^  haS  an  associated  eigenvector;  i.e.  the  geometric 
restrictive  for  missile  autopilots.  ®  ciency  are  not  permitted  here.  This  assumption  is  not 
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Figure  7:  Visualization  of  Nominal  Closed  Loop  System 


Figure  8:  Visualization  of  Compensator  in  System  with  Multiple  Saturating  Actuators 


Figure  9:  Visualization  of  Modified  Compensator  in  System  with  Multiple  Saturating  Actuators 
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To  present  the  procedure,  the  following  definition  is  necessary. 


Definition  3.1  Suppose  A  G  *»*».  Given  this,  define  the  function  a  : 


9  '■  Rn  — ’  R+  as  follows: 


g(x)  || CeAtx 


c°° 


N°tice  that  this  function  depend,  entirely  on  the  homogeneous  (unforced)  response  of  the 
l  ,  ,C\.  Given  this,  it  is  also  useful  to  define  the  following  set: 


compensator, 


Definition  3.2 

bac  =f  {x  G  Rn  :  g(x)  <  1} 


B  d  ,  •  ’  ‘  at  ,f  thG  mitial  comPensator  state  *(0)  lies  within  or  on  the  boundary  of 

.c  and  A  is  set  to  zero,  then  the  controls  «  =  C*  =  <7e*,(0)  cannot  grow  in  magnitude  above  unity. 

following  proposition  contains  many  useful  properties  of  the  function  g  and  the  set  BAC. 


Proposition  3.1  (Properties  of  g  and  BAC) 

(1)  g  is  finite-valued,  positive  homogeneous,  radially  non-decreasing. 

(2)  g  is  subadditive,  convex,  continuous,  and  defines  a  cone. 

(3)  Bac  is  compact  and  convex. 


A  consequence  of  g  being  positive  homogeneous  is  that  g( x)  =  \\x\\  ofjAr)  This  imnI,Vc  th  t  ■  ,  " 

determined  from  its  values  on  the  unit  sphere.  " ' ^  ?  *  9  "  COmPletely 

A  continuous-time  algorithm  for  constructing  A  can  now  be  given. 


Algorithm  3.1  (  Construction  of  A  ) 

timeV-rhc  foll"  State  °f,the  (c0"‘inU0"s-time)  compensator  K  at  time  f.  Let  e  denote  the  error  signal  at 
me  f.  The  follow, „g  contmuous-time  algorithm  i,  proposed  fo,  constructing  A  at  each  time  t. 


(i)  If  x  lies  within  BAC,  then  A  =  1. 

(n)  If  x  lies  on  the  boundary  of  BAC,  then  maximize  A  G  [0, 1]  such  that 

lim  ",riix+tlAx+B\e\  -  g(x) 

«-0+  e  ^ 0  (3) 

(m)  If  x  lies  outside  BAC,  choose  A  G  [0,1]  such  that  above  expression  is  minimized. 
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H  should  be  noted  that  the  expression  in  elation  (3)  is  essentially  the  tune  derivative  of  ,  along  the 
trajectories  of  the  modified  compensator: 


x  =  Ax  +  BX{x,e)e 


u  —  Cx 


(4) 


given  in  Figure  9.  More  precisely,  since  ,  in  general  is  not  differentiable,  the  limit  in  equation  (3)  denotes 

the  uvver  right  Dim  derivative  -  a  quantity  which  is  well  defined  for  g. 

To  dt  the  algorithm,  on,  must  be  abie  *  determine  where  the  compensator  state  .  he,  w  t 

reap"  boundary^  SuC.  To  do  this,  on,  must  be  able  to  evaluate  ,  ^ 

with  this  will  be  discussed  in  the  following  section.  However,  given  that  A  ts  computed  m  accordance 
Algorithm  3.1,  one  obtains  the  following  closed  loop  performance  guarantees. 


Theorem  3.1  (Guaranteed  Closed  Loop  Properties) 

Suppose  that  A  is  constructed  in  accordance  with  Algorithm  3.1.  Let  x0  =  *(0).  Given  this,  ea 
following  holds. 


(1)  If  xo  lies  within  Bac,  then  ||u(0IL°°  —  *  ^or  e' 

(2)  If  io  does  not  lie  within  BAc,  then  ||u(<)||£«,  <  g(x o)  for  all  e. 

(3)  The  closed  loop  system  in  Figure  9  will  be  £°°  finite-gain  stable. 

„  Should  be  noted  that  Unite-gain  stability  can  be  proved  because  for  sufficiently  small  exogenous  signals 
the  system  in  Figure  9  exhibits  linear  behavior. 


3.2  Computational  Issues 

As  pointed  out  in  the  previous  section,  the  function  ,  must  be  evaluated  on-line.  This  issue  is  eomplic-ed  by 
fheZ  that  the  dejt.on  fo,  ,  given  in  deffnition  3.1  is  not  immediately  suitable  2 

What  is  needed  is  a  useful  characterisation,  or  approximation,  for  the  function  g.  , 

“wffi  ultimately  be  implemented  on  a  digital  computer,  a  discretis.d  version  of  the  algorithm  is  needed. 

These  points  are  now  addressed. 

Suppose  that  K  has  a  discrete-time  realization  [A,B,C]  as  follows: 

Xn+l  =  A.Xn  +  Ben 

where  A  is  also  at  least  neutrally  stable.  Given  this,  g  may  be  approximated  as  follows. 
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Proposition  3.2  (Approximation  for  g.) 

Given  that  A  in  at  least  neutrally  stable,  it  follows  that  ,  may  be  approximated  as  follows: 


g(x)  « g(x)  =f  x 


where  k  is  some  sufficiently  large  integer  which  can  be  determined 


off-line. 


rr  °“‘  th>t  ^  °f 'he  ‘etmS  a>~°”  unnecessary.  To  identify 

ttr:;  i :  ideas  in  1151  may  ^ «-  «■. «  «  *  j 


Algorithm  3.2  (  Discrete  Performance  Enhancement  Algorithm  ) 

tr;  ;e  S“' °f  «*—  *  -  <•_  Let  en  denote  the  error  signal  at 

"°WmS  algorithm  is  proposed  for  constructing  A„  at  each 

(i)  If  g(x„)  <  1,  then  A„  =  1. 

(“)  K  ft*")  =  2'  then  maximize  A„  e  [0, 1]  such  that 

9(Ax„  +  BXnen)  -  g(xn)  <  0  ^ 

(iii)  »«(*»)  >  1.  Choose  An  €  [0, 1]  such  that  above  expression  is  minimised. 

““  th;S  “  Nation  be  performed  a.  each  times, ep' 

—  * — - — — 

3.3  Unstable  Operating  Points  and  Other  Hard  Nonlinearities 

h“cihLuLt“  rjr  dwith  d),namiT  ?  “e  ,oca,iy  s,ab,e' The  sd,OTe  . 

unstable  plant  h.,,«  ,  a  eJ  l’he".th,!  <lyn*mi's  l°«Uy  unstable,  fundamentally,  this  is  because  an 
considered.  In  (14)  ”T  ^  ,dd'e!'  UnS‘ab'e  °Peraline  Poi"l».  «■»  Mom  in  (14)  were 

command  so  that  7  *  limits  the  rate  of  growth  of  the  reference 

plant  state.  AccesTtTlll'Tf  thTp!^  7<Zv ^  C°mma”d'  ‘he  comPens*'“  slat«. 

at  Eglin  Air  Force  Base  the  n  '  '  •’  Ter’  “  “0t  *  practlcal  assumption.  Consequently,  while 

ecu,  general::::,:'  7 7  7^“  ‘he  «** 

g  aPPropnate  est. mates  of  the  plant  states  to  be  used  by  the  reference  , earner.  The  ideas  in 
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[17]  and  [181  were  very  helpful  because  the,  provided  insight  into  the  design  of  a  suitable  C?  estimator  Of 
Li  port!  here  is  rea, icing  the  peefing  wh,h  occurs  in  the  design  .  “ 

estimation  theory,  one  expects  that  as  the  sensor  noise  decreases,  the  estimator  ban  w.d h 
improves.  However,  it  may  be  that  certain  state  estimation  errors  may  grow  sigm  can  y 
rapidly  to  aero.  This  peaking  phenomenon  is  discussed  in  [17]  for  Linear  Quadratic  Regulators  From  W 
it  follow,  that  conditions  can  be  obtained  to  prevent  such  peaking  from  occurring.  The  condition,  y 

speaking,  requires  that  the  transfer  function  matrix  from  the  process  noise  to  the  measurements  possesses 
the  maximum  number  of  transmission  zeros.  This  will  be  guaranteed  if  this  transfer  function  ma  nx  as 
(normal)  rank  equal  to  the  rank  of  it.  associated  first  Markov  parameter.  k 

It  should  be  noted  that  an  £»  estimator,  i.e.  one  which  is  accompanied  w„h  bounds  on  the  pe 
esthnation  errors,  is  perhaps  more  appropriate  to  address  the  technical  issue,  d.cussed  nb~  Tto«k 
is  still  in  progress.  Other  hard  nonlinearities,  such  as  rat,  limiters  mid  o-hmiters,  can  easily  be  addressed 

using  the  estimation  methods  ideas  proposed  here. 

3.4  Extension  to  Nonlinear  Compensators 

It  should  also  be  noted  that  the  above  method  extends  directly  to  bilinear  compensators  [19];  i.e.  nonlinear 
compensators  with  state  space  descriptions  as  follows: 


x  =  Ax  +  B(x)e 


u  =  Cx 


where  A  and  C  are  constant  matrices  and  B(.)  is  a  matrix  function  of  the  compensator  state  *.  ThUds 
particularly  interesting  because  nonlinear  systems  with  fading  memory  can  e  approxima  e 

systems.  ,  . 

More  generally,  the  ideas  also  seem  to  directly  extend  to  compensators  havmg  the  form 


x  =  Ax  4-  B (x,e) 


u  =  C(x) 


where  fl(x,0)  =  0  and  C(  )  is  “sufficiently  well-behaved".  These  idea,  are  currently  being  examined  by  the 
principal  investigator. 


4  Applications 

4.1  Flexible  Space  Structure:  SPICE 

In  [20]  [21],  the  idea,  discussed  in  section  2  were  applied  to  the  problem  of  controlling  a  flexible  structure 
wh  ch  may  operate  as  a  space  telescope  „  as  a  laser  beam  expander.  As  a  flexible  laser  beam  expander,  th 
structure  chemically  generates  a  narrow  la.,  beam  and  expands  it  via  Cassegrain  primary  secondary  rmrro 
system.  Generation  of  the  high  intensity  beam  and  coolant  How  through  the  mirrors  result  excitation  o 
the  structural  modes.  The  problem  here  is  ,0  perform  rapid/accurate  slewing/p minting  maneuvers ,  ^ 
excitation  of  the  flexible  modes.  Having  been  developed  by  the  Air  Force,  with  Lockheed  and  Honey 
subcontractors,  this  system  physically  resides  at  the  Phillips  Laboratory  on  Rutland  An  Force  Bas  . 
system  ha,  been  .signed  the  acronym  SPICE  for  Space  Integrated  Control  Experiment. 
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A  ,J  m0del  W“h  18  “tua‘°rs  “d  18  “M»'s  ™  ““<1  to  model  Ih.  loaded  structure. 

used  b,  7  USed  ^  *  hi"”*,l  control  system.  Low  authority  feedback  was 

d  o  Obtain  a  design  plant  with  increased  structural  damping.  The  *»  design  methodology  was  then  used 

to  obtain  a  High  authority  control  law.  The  resulting  design  achieves  the  desired  40  db  line-of-sight  (LOS) 

attenuation  A„  Force  specification.  Slewing  maneuvers  and  other  issues  are  currently  unde,  investigation. 

4.2  EMRAAT  BTT  Missile  with  Saturating  Actuators 

While  an  AFOSR  Research  Associate,  and  through  the  support  of  an  AFOSR  Research  Initiation  Award  the 
^mcipan.ivest, gator  has  studied  the  problem  of  enhancing  performance  f„,  highly  maneuverable  Bank-to- 

the  relit,  h7  n  ‘IT  W“h  m.',lt.'Ple  aC‘"“”S  [1°J'  [‘2)'  ^  B““se  °f  the  «S"i#«an=e  of 

r  .  r  °,  ame  US  ar’ 1  e  prmclPaI  investigator  has  organized  a  special  session  at  the  1994  American 
ontrol  Conference.  The  session  is  entitled  Fer/em.ne.  Enhancement  for  Mio.ile  Guidance  and  Control 

dtld  ",P"0n  °f  ‘he  ^  h“  b“”  inCl“ded  s»“  *  «-  ley  results  are  now 

Missile  Model.  BTT  missiles  offer  higher  maneuverabihty  over  conventional  Skid-to-Turn  (STT)  missiles 

ha,  ee,rf  “  7“"  8haP'  lnd/”  the  addi,i“  °f  a  M.  M-  The  mode,  used  in  this  study 

foe  T  1"  a"  ,  “  d  Medi“m  Range  Ai"t°'Air  BTT  missile.  For  simplicity, 

een  p^ace  on  the  yaw/roil  dynamics  at  an  operating  point  with  a  Mach  number  of  2.5,  a  dynamic 

pressure  Q  _  1720  lb, ft  ,  and  an  angle  of  attack  o  =  20  degrees.  The  model  is  given  by  the  following 

system  of  ordinary  differential  equations  [22]:  g 


* p  —  ApXp  -f  BpUp 


V  =  CpXp 


where 


f  -0.818  -0.999  0.349 
Ap  =  80.29  -0.579  0.009 

-2734  0.5621  -2.10 


0.147  0.012 

Bp  =  -194.4  37.61 

-2176  -1093 


=  [  1  »  0] 
l»  1  OJ 


-s  [rudder  aileron  jT  a,  =  [  sideslip  yawrate  rollrate  ]T  p  =[  sideslip  yawrate  f  (11) 

and  tariables  are  measured  in  degrees  or  degrees/second.  This  system  htw  poles  a,  s  =  -0.6579,  -1.4195  ± 

Zn  "d  ‘h“  ‘hejmiSSile  "  “SUTOd  b«  »»-  a  stable  equilibrium.  Unstable  operating 

points  will  be  discussed  below.  For  completeness,  the  singular  values  of  the  above  missile  (plant)  transit 

function  matrix  P(s)  =  (1  (<tT  —  A  1  d  >  .  / 

*  '  [si  Bp  are  shown  in  Figure  10. 


NASTRAN  is  a  NASA  structural  analysis 


program. 
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(a)  Plant  Singular  Values:  Yaw/Roll  Dynamics 


frequency  (rad/sec) 

Figure  10:  Plant  Singular  Values 


Figure  11:  Design  Plant  Singular  Values 


“AU*°PUOt  De,ig”'  F°r  PUrP“"  °! dem“st'i“i”S  the  performance  enhancement  concept,  the 
design  methodology  [24]  was  used  to  obtain  a  nominal  linear  autopilot  design.  The  procedure  for 
obtaining  the  nominal  autopilot  design  is  now  described. 


.  .  P  1"  I'0rm  DeSlgn  Plant-  To  guarantee  zero  steady  state  error  to  step  commands,  the  plant  P  = 

1  P’  P’ Cp]i  giVCn  ab°Ve’  W3S  aUgmented  with  integrators;  one  in  each  control  channel.  The  resulting  system 
is  called  the  design  plant  and  has  a  state  space  triple  [Adet ,  Bdea ,  Cdes ]  given  by 


o 

o 

_  r  / 1 

i  Bp  Ap  J 

Bde.  -  [  0  J 

Cdes  =  [  0  Cp  ] 

(12) 

The  design  plant  singular  values  have  been  plotted  in  Figure  11. 


Step  2:  Design  Target  Loop.  The  next  step  in  the  process  is  to  design  the  target  (desired) 
transfer  function  matrix.  The  target  loop  was  selected  to  have  a  state  space  triple  [rtJ.„H,Ca„l 
filter  gam  matrix  H  was  selected  to  be 


open  loop 
where  the 


H  =  10  [t)4 


-0.0003  0.0912 

6482  -1.7159 


i-i 


-0.1036 

-4.8067 

2.0003 

0.0003 

4.8980 


-0.0055 

0.0009 

0.0000 

2.0000 

5.7272 


(13) 


where  v4_[  0.0009  0  -0.0001  -0.3296  -0.9441  f  and  r5  =[  0  0.0440  -0.0182  0.3432  0  9381  ]' 
are  nght  eigenvectors  of  Ade,  corresponding  to  the  eigenvalue  A  =  0.  This  makes  the  pair  {Ade„H)  uncon- 
ro  lable  because  the  left  eigenvectors  of  Ades  associated  with  the  missile  modes  lie  in  the  left  null  space  of  H 
[25J.  By  so  doing,  one  obtains  a  target  loop  which  looks  like  an  “integrator”  with  gain  crossover  frequency 
near  2  rad/sec.  For  convenience,  the  target  loop  singular  values  have  been  plotted  in  Figure  12 


p  Recover  Target  Loop.  The  next  step  in  the  process  is  to  recover  the  target  loop  by  solving 

an  appropriately  formulated  cheap  control  problem.  This  amounts  to  solving  the  Control  Algebraic  Riccati 
Equation  (CARE) 


0  -  KcAde,  +  ATde,Kc  +  Cl,Cde!  -  KeBde,^BjesKc 


(14) 


for  the  unique  symmetric  positive  definite  solution  Kc.  This  was  done  with  a  recovery  parameter  p  =  10~<\ 
Doing  this  yields  the  control  gain  matrix 


Gp  —  ~BdesKc 


4440  -88.1472  -410.4327  -965.3118  - 
1472  164.2489  -564.4860  254.7471 


r  612.' 

[  -88. 

The  final  (i.e.  nominal)  compensator,  K,  is  then  given  by 

x  =  Ax  +  Be  u  —  Cx 

where  e  =  r  —  y  and 

A  =  Ades  -  BdesGp  -  HCde,  B  —  H  C  =  Gc 


-1.7612  1 
-7.1359  J 


(15) 

(16) 

(17) 
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Figure  13:  Recovered  and  Target  Loop  Singular  Values 


27-23 


A  balanced  realization  for  K  =  [A,B,C]  is  then  given  by 


-0.2903 

107.6795 

-6.7247 

3.2148 

0.3648 


-107.7837 

-97.8098 

64.8158 

2.0979 

-3.3887 


2.2840 

-40.7546 

18.4665 

-2.0715 

-0.9753 


6.6692 

63.9509 

-54.1931 

29.5571 

3.0907 


-2.5820 

-4.5172 

-40.7948 


-0.4031 

-5.3516 

5.1149 


0.4772 

2.1291 

-0.2215 

-44.6786 

-1.1753 


,  _  f  0.8 
[2.1 


-631.1537  429.8894 
-460.0290  -0.7433 

8.5376  -1.7085  43.9089 

39.9071  -18.3886  -8.5133 


1.1235 

1.0346 


Again,  for  convenience,  the  recovered  singular  values  have  been  plotted  in  Figure  13. 

rorATperf0rman“  “han“men‘  8Chem'  di“““d  3  ™  .PPM  io  the  EMRAAT  model  and 

L^G/LTR  compensator  discussed  above.  The  discrete-time  realization 


®n+i  —  Aa;n  +  Ben 


un  —  Cxn 


where 


A  =  I  +  T,A 


B  =  T,B 


C  =  C 


T,  =  O.Olsec 


^  used  for  K.  A  constant  reference  command  of  r  =  [4.2  -  4.2f  was  selected  to  evaluate  performance 

which  ^  °  COmmand  f°ll0Wmg  F,eure  14  eoiltams  the  hnear  responses  (see  Figure  7)  and  the  responses 

„er  «  SatU'a“°“  in”'ted  “  '“h  “"‘">1  oliannel  (see  Figure  8).  The  saturation  limits  used 

As  expected,  the  linear  responses  are  very  good.  The  transient  is  well  behaved  and  the  steady  state 
rac  ing  error  is  zero.  The  latter  follows  from  the  Internal  Model  Principle  and  the  fact  that  the  compensator 
has  an  mtegrator  each  control  channel.  When  the  saturation,  are  introduced,  however,  the  integrators 

Th  6  “mPenSa‘0r  wmd-uP'  Th“  15  s“n  i»  the  observed  aileron  response  generated  by  the  compensator. 

e  rudder  response  follows  the  linear  response  closely.  The  sideslip  response  is  not  able  to  achieve  the 
commanded  steady  state  sideslip  but  it  also  remains  cl„e.  More  dramatic  is  the  observed  yaw  rate  response 
Inch  -  unable  o  come  close  to  the  commanded  yaw  rate.  It  is  apparent  that  th.  saturations,  particularly 
autopilotA'  '  ”  er<>n  C0”tr01  channe1’  des,r°ys  the  directionality  properties  of  the  original  LQG/LTR-based 

To  maintain  the  original  autopilot  directionality  properties  and  prevent  wind-up,  the  performance  en- 

—  ™'me  ,"bed  ab0V'  U“d  (S“  FigU'e  9)'  Th'  reS"mn8  re8"'a,ed  >»  Siven  in 

g  15.  Th.  unregulated  responses  are  repeated  in  the  figure  for  comparison  sake.  It  is  seen  that  the 

scheme  mamtams  th.  d.rectionality  properties  of  the  original  autopilot  to  the  extent  possible.  It  permits  the 

sys  em  o  operate  on  the  edge  of  saturation  and  completely  eliminates  the  wind-up  effects.  The  resulting 

•Heron  control  produced  by  th.  modified  compensator,  for  example,  reaches  the  -8  rail  and  remaim  there. 

4.2.1  Graphical  Tool  for  Evaluation  of  Missile-Target  Intercept 

In  [26],  [27]  the  authors  describe  a  C++/Windo»s  based  6  dof  developed  for  a  BTT  missile  to  graphically 
visualize  and  evaluate  imasile-target  intercepts.  The  program  allows  the  use,  to  specify  different  guidance 
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(a)  Linear  and  Unregulated  Outputs 


time  (seconds) 


(b)  Linear  and  Unregulated  Controls 
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Figure  14:  Linear  and  Unregulated  Responses 
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Figure  15:  Regulated  and  Unregulated  Responses 
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Uws  autopilots,  engagement  geometries,  and  target  maneuvers.  The  program  also  permits  a  visual  evaluation 
„“he  effects  hi  non—  on  the  guidance  and  control  systems.  The  program  »  currently  bemg 
used  to  visualize  the  performance  of  the  saturation  algorithm  described  earlier. 

4.3  Platoon  of  Vehicles  with  Saturating  Actuators 

[28],  the  satn.at.on  method  described  in  section  3  was  applied  to  the  problem  of  con.rollmg  tint  WtudM 
dynaL  of  a  platoon  of  vehicles  with  saturating  actuators.  Each  vehicle  ,n  the  platoon  .  mod  lied  by  a 
2nd  order  nonlinear  differential  equation.  One  degree  of  freedom  is  used  to  capture  the  .elude  dynanu 
another  to  capture  the  e„g,ne  dyntocs.  The  nondna,  control  law  is  designed  usmg 
techniques.  The  throttle  on  each  vehicle  is  assumed  to  be  limited  and  var.ous  v.rs.ons  alg 

discussed  earlier  is  applied. 

4  4  Invited  Sessions:  Missile  Guidance  and  Control 

The  compieted  research  on  memoryless  hard  nonlinear!., es  and,  in 

[101  [11]  has  led  to  the  organization  of  two  invited  sessions,  one  a  , 

[o  be  held  in  Baltimore,  MD  and  one  at  the  iff,  G^nce,  ^  ^ 

in  Phoenix,  AZ  [12],  [13].  Both  address  performance  enhancement  and  integrated  design  or  missi  e  gui 

and  control  systems. 

5  Summary  and  Directions  for  Future  Research 

summary,  two  significant  contributions  have  been  mad.  in  this  research.  The  first  is  a  systematic  design 
methodology  for  general  distributed  parameter  systems.  The  second,  is  a  procedure  which  perm* 
“teem  to  directly  tab.  into  account  memoryless  hard  nonlinearitie,  such  as  saturatmg  actuators,  r* 
toilers  etc  The  procedure  enhances  performance  in  the  presence  of  such  nonlmeant.es,  systomt.ses 
'dTign  process,  J  is  computationally  feas,b„  with  the  computing  —liable 
The  research  is  continuing  as  follows.  New  performance  cr, tenon  (other  ) 

for  distributed  parameter  systems.  Also,  the  performance  enhancement  scheme  is  bemg  extended 

general  nonlinear  compensators. 
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Part  I 

Appendix:  Proposal  for  Invited  Session  to 
1994  ACC 

A.A.  Rodriguez,  Chair  S.N.  Balakrishnan,  Cochair 
Arizona  State  University  University  of  Missouri-Rolla 
Tempe,  AZ  85287-7606  Rolla,  MO  65401 

Overview  of  Proposed  Session 


u„,.ab  T'llinty  WhiCh  “  ,arge‘  PIeSeMS'  the  -<1  typically 

r  ™  6  dy"amiCS  “S“iale<l  W“h  th'  and  control  of 

aystcm,  ,„1]  represent,  on.  of  the  richest  and  mos,  challenging  control  problems  to  the  systems 

~  .Ur“S  “he  71  deCade  m“r  ldv“"s  h*ve  b«“  -"<«  in  the  area  of  robust  and  nonlinear 
control.  This  ..eludes  results  winch  facilitate  the  design  of  autopilots,  prov.de  insight  into  gain-scheduling 

and  allow  engineers  to  better  address  nonlinear  design  issues.  This  session  is  an  effort  to  b  ing  reseal h  m 

r'"8  Va"°US  ^  “  «■“—  -  '»»»"■'  together  to  present  new  results  on  enhanlg  the 

someoTth”  °  mTh  m“'le  8Ulda'‘“  “d  C°“‘r01  °ySt'mS-  The  “s8i°"  »  intended  to  shed  light  on 
“““  which  researchers  in  the  missile  guidance  and  control  community  are  now  addmssing. 

Motivation  and  Summary 

The  title  of  the  proposed  session  is 

Performance  Enhancement  for  Missile  Guidance  and  Control  Systems. 

l:"r  SUbjeCt,lt  18  lmP°rtant  that  a11  ^Pects  associated  with  missile  guidance  and  control 

sv stem  6  0rganiZerS  ’  1  GXamPle’  that  U  W3S  necessary  for  the  *>  contain  methods  for 

includ  TS’  °  TrnS’  and  enhandnS  thC  Perf°rmanCe  of  toda^  autopilots  and  guidance  systems.  This 

;t  °  i  the  autopiiot  to  accommodate  muitipie  hard  n°niinearities 

“C  hn;  7’ ; T  T  ddng>  aUtOPiIOt  Perf™Ce  Wd  be  enh— d  -d  a  -h  more  flexibR 
design  methodT  ’  6  F  SUCh  &  dlSCUSS1°n  mUSt’  howeveri  involve  a  discussion  of  various  autopilot 

assignm^  ^  bSleSd  V  *  T  ^  ^  ^  °D  aUt°Pil0t  ^  US“g  ^-structure 

important  f  th  ^  ^  ^  °ptlmiZation  techni9ues-  The  organizers  also  felt  that  it  was 

it  was  felt  cLd  6  SeSS1inh°  meth°dS  f°r  imPr°Ved  SUidanCe  and  targCt  StatC  tracking-  This, 

and  n  r  y  6  addreSSGd  by  researchers  working  on  “approximately”  analytical  guidance  laws 

irzr  “ation  “s  which  expioit  the — -  -  — ‘  -  - 

-  aCC°^°date  the  ab-e  requirements,  the  organizers  solicited  papers  from  researchers  in  academia, 
s  ry,  an  the  military.  Six  (6)  papers  were  selected  to  address  the  following  topics: 
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1.  Performance  Enhancement  for  a  Missile  with  Multiple  Hard  Nonlinearities 
A.A.  Rodriguez,  Arizona  State  University;  Session  Organizer. 

James  R.  Cloutier,  Armament  Directorate,  Eglin  Air  Force  Base. 

title:  Control  of  a  Bank-to-Turn  (BTT)  Missile  with  Saturating  Actuators 


2.  Improved  Guidance  Laws  for  Missiles:  An  Analytic  Approach. 
S.N.  Balakrishnan,  University  of  Missouri-Rolla;  Session  Co-orgamzer. 
title:  Improved  Guidance  Laws  for  Missiles:  An  Analytic  Approach 


3.  Autopilot  Design  using  Ti°°  Design  Methods. 

Kevin  A.  Wise,  McDonnell  Douglas  Missile  Systems  Co. 

Eric  S.  Hamby,  McDonnell  Douglas  Missile  Systems  Co. 

title:  n00  Missile  Autopilot  Design  With  and  Without  Imaginary  Axis  Zeros 


4.  Methods  for  Improved  Target  State  Estimation. 

Chris  D ’Souza,  Armament  Directorate,  Eglin  Air  Force  Base. 
James  R.  Cloutier,  Armament  Directorate,  Eglin  Air  Force  Base, 
title:  Spherical-based  Target  State  Estimation 


5. 


Autopilot  Optimization  using  Genetic  Algorithms. 

Richard  Hull,  University  of  Central  Florida. 

Roger  W.  Johnson,  University  of  Central  Florida. 

title:  Performance  Enhancement  of  a  Missile  Autopilot  via  Genetic 


Algorithm  Optimization  Techniques 


6.  Missile  Eigenstructure  Assignment  via  Dynamic  Compensation. 
Robert  Wilson,  Armament  Directorate,  Eglin  Air  Force  Base. 

James  R.  Cloutier,  Armament  Directorate,  Eglin  Air  Force  Base, 
title:  Eigenstructure  Assignment  via  Dynamic  Compensation 
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ENHANCED  LIQUID  FUEL  ATOMIZATION 
THROUGH  EFFERVESCENT  INJECTION 


Larry  A.  Roe 
Assistant  Professor 

.  Mechanical  Engineering  Department 
Virginia  Polytechnic  Institute  and  State  University 


Abstract 


A  single-component,  phase-Doppler  particle  analyser  (PDPA)  was  assembled,  modified  for  babble  diameter 

measurements,  and  applied  to  several  potential  configurations  of  effervescent  (2-phase  liquid-gas)  iujeetiou 

system,  A  wide  range  of  instmmeu,  baMware  and  software  problems  were  identified  and  coirected.  The 

tnfluences  of  instrument  settings  and  gas  loading  were  evaluated.  I,  was  concluded  that  the  PDPA  system 

produces  reliable  bubble  sire  information  for  bubble  diameters  between  approximately  2.0  and  800  microns  a, 

gas-to-liquid  volume  .atios  as  high  as  10  percent  (for  pressures  of  approximately  20  psia).  These  thametets  are 

wtdnn  me  range  of  interest  for  efferent  atomreation  schemes,  although  me  gas  loadings  are  stmtewha,  low. 

There  did  not  seem  to  be  a  strong  coirelation  between  bubble  sire  and  the  sire  characteristics  of  me  resulting 

spray.  After  validation  of  the  measurement  concept  and  prelimimuy  evaluation  of  experimental  hardware  designs 

pn-vided  by  amnher  conuactor,  the  tes,  system  was  turned  over  to  USAF  and  connacor  personnel  for  conlinued 
evaluation  of  injector  designs. 
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ENHANCED  LIQUID  FUEL  ATOMIZATION 
THROUGH  EFFERVESCENT  INJECTION 


Larry  A.  Roe 


INTRODUCTION 

Effervescent  injection  offers  die  potential  for  significant  performance  improvements  in  all  liquid-fueled  propulsion 
systems,  with  advantages  particularly  suited  to  ramjet  engines.  This  fuel  injection  scheme  would  typically 
introduce  small  bubbles  of  air  or  another  gas  into  the  liquid  fuel  stream  prior  to  injection  into  the  combustion 
chamber.  The  bursting  of  these  bubbles  leads  to  rapid  breakup  of  the  liquid  fuel  and  dramatically  improved 
atomization  at  low  fuel-supply  pressures.  A  major  drawback  to  the  successful  implementation  of  this  technique 
in  actual  combustion  systems  Is  the  total  lack  of  numerical  data  relating  bubble  size  in  the  two-phase  fuel  stream 
to  the  diameter  of  the  resultant  fuel  spray  droplets.  A  primary  reason  for  this  shortcoming  has  been  the 
unavailability  of  appropriate  instrumentation  capable  of  measuring  the  bubble  size  distributions. 

One  difficulty  typically  encountered  when  evaluating  the  perfotmance  of  liquid  fuel  injectors  is  associated  with 
the  acquisition  of  reliable  droplet  and  bubble  statistics.  Parameters  crucial  to  the  characterization  of  the  injection 
scheme  include  average  droplet  diameter,  droplet  size  distribution,  droplet  velocity,  and  diameter-velocity 
cotrelations.  In  addttion,  any  attempt  to  copulate  droplet  statistics  with  bubble  slatistics  in  2-phase  injectors 
requires  a  reliable  technique  for  bubble  sizing.  The  focus  of  this  program  was  to  provide  the  instntmentation  and 
analysis  capability  required  for  such  evaluations.  The  instrumentation  system,  a  phare-Doppler  particle  analyzer 
(PDPA),  provides  an  analysis  capability  for  effervescent  injection  studies  which  has  not  been  previously  utthzed 

by  researchers  in  this  field. 

REVIEW:  TWO-PHASE  INJECTION 

One  of  the  earliest  investigations  of  the  atomization  of  a  gas-liquid  mixture  was  reported  by  Chawla  (1985).  It 
was  determined  that  small  droplets  were  produced,  largely  independent  of  the  size  of  the  fuel  delivery  orifice. 
In  addition,  small  droplets  were  produced  at  relatively  low  fuel  velocities  when  compared  to  pressure  atomizers. 
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The  concepts  associated  with  effervescent  injection  have  been  developed  in  papetx  by  Wang  e,  al.  (1987),  Roesler 
and  Lefebvre  (1987).  Lefebvre  et  at.  (1988),  Avrashtov  et  al.  (1990),  and  Arai  and  Schetz  (1992). 

Wang  et  al.  (1987)  studied  effervescent  injection  of  water/nitrogen  mixtures  into  quiescent  air  at  normal 
atmospheric  pressure  and  temperature.  Ute  nitrogen  was  bubbled  into  a  large  chamber  immediately  upstream  of 
the  injection  orifice.  Two  gas  injection  designs  (differing  primarily  in  the  diameter  of  the  holes  through  which 

the  gas  was  bubbled  into  me  liquid,  and  toe  orifice  diameters  were  evaluated.  Gas  pressure  and  gas^quid  mass 
fraction  were  each  varied  over  about  an  order  of  magnitude.  nmrn,.,  a _ ..  .  . . 


™  o.e,  a uout  an  order  oi  magnitude.  Droplet  size  was  determined  with  a  Malvern 
anMyzer.  which  provides  a  spatially  avenged  meM  droplet  size.  Bubble  sizing  was  no,  attempted.  »  was 

concluded  tha,  the  atomization  varied  primarily  with  injection  pressure  and  mass  ratio,  with  less  sensitivity  to 
orifice  diameter  and  injection  geometry. 


Roesler  and  Lefebvre  (1987,  extended  the  previmrs  study  to  a  wider  range  of  gas/hquid  mass  ratios.  Air  was 
introduced  through  a  porous  cylinder  into  the  water  sneam,  and  the  influence  of  air  supply  pressure,  aenrtor  tube 
porosity,  orifice  diameter,  and  gasfliquid  mass  ratio  were  evaluated.  Again,  orifice  size  and  aerator  porosity 
(which  was  assumed  to  conriol  bubble  size,  were  found  to  have  little  influence  on  me  mean  droplet  size.  Bubble 
sizes  went  no,  measured.  Good  atomization  occtured  for  gasfliquid  mass  ratios  as  low  as  0.02.  The  air  pressures 
required  were  only  those  sufficient  to  cause  flow  tough  the  porous  cylinder  a,  the  mass  nrtes  desired. 

A  continuation  study  by  Lefebvre  e,  al.  (1988)  continued  these  conclusions  over  a  different  range  of  conditions. 
Good  atomization  was  again  obmined  using  small  amounts  of  injected  air.  a,  injection  pressures  as  low  as  5  psi. 
Avrashkov  e,  al.  (1990)  used  both  hydrogen  and  helium  bubbles  in  kerosene,  with  gas/I, quid  mass  ratios  from 
0  hr  10  percent.  The  mixture  was  injected  a,  high  pressure  (-  20  atm)  into  a  supersonic  combustion  chamber  a, 

1  atmosphere  and  the  self-ignidon  and  stability  characteristics  evaluated.  The  gas  addition  was  found  to  mcrease 
the  dispersion  of  the  sptay  cone,  provide  better  liquid  penetration  into  the  free  stream  and  improve  mixing,  bu, 
did  no,  significantly  affect  mean  drop  size  at  the  high  injection  pressures  utilized. 
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Ara,  and  Schetz  (1992)  injected  helium/witier  flows  a.  high  pressure  (-20  am)  into  a  supersonic  tunnel  through 
an  array  of  0.8  rum  diameier  orifices.  The  production  of  the  small  bubbles  requtred  to  maintain  bubbly  flow 
through  such  small  passages  required  the  addition  of  a  surfactant  to  the  liquid  prior  to  gas  injection.  Photograph, c 
analysis  of  the  resulting  sprays  showed  that  (he  gas  injection  increased  (he  plume  dispersion  angle  and  increased 
penetration  for  singleKtrifice  injection.  Changes  in  surfactant  concentration  were  found  to  affect  the  spray 
characteristics,  apparently  due  to  changes  in  bubble  size,  although  this  was  not  a  measured  parameter. 

In  addition  to  the  published  information  summarized  above,  more  recent,  but  as  yet  unpublished,  research  efforts 
are  in  process  to  evaluate  the  application  of  effervescent  injection  to  scramjet  engines  (Northern  1992).  As  with 
the  prior  studies,  the  poroslt,  of  the  air  injection  cylinder  was  found  to  have  little  effect  on  the  resulting  spray 

characteristics. 


DESCRIPTION  OF  PHASE-DOPPLER  PARTICLE  ANALYZER 

The  PDPA  system  as  manufactured  by  Aerometrics  is  based  on  a  development  by  Bachalo  and  Houser  (1984). 
A  more  thorough  description  of  the  application  of  this  technique  is  provided  by  Bachalo  et  al.  (1991).  A  complete 
description  of  the  operational  principles  is  well  beyond  the  scope  of  this  report,  but  a  brief  summary  is 


appropriate. 


A  PDPA  is  essentially  a  single-coutponent  laser  Doppler  anemometer  (LDA)  with  multiple  photodetectors  and 
additional  signal  processing  capability.  As  an  LDA  system,  it  is  of  the  standard  dual-beam  type.  Two  laser  beams 
intersect  at  a  small  angle  in  the  region  where  measurements  are  to  be  obtained.  The  crossing  of  these  two  beams 
defines  a  probe  volume;  droplets  or  bubbles  passing  through  this  zone  scatter  light  simultaneously  flout  the  two 
beams.  When  this  scattered  light  reaches  the  receiving  optics  (lens  or  photodetector),  it  forms  an  interference 
pattern,  which  moves  in  space  due  to  the  droplet  motion.  The  temporal  frequency  at  which  the  interference 
fringes  sweep  across  the  surface  of  the  derector  is  related  to  the  transmitting  optics  (laser  wavelength  and  beam 
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intersection  angie,  and  the  panicle  velocity  component  in  die  plane  of  die  inle, seeing  beams.  Since  die  op, leal 
configuration  is  known,  ihe  velocity  component  can  be  deteimined. 

Additional  information  is  required  for  sizing.  This  is  provided  by  additional  photodetec, ore.  Essentially,  ihese 
pholodeiectors  image  different  regions  of  the  interference  pallem  as  it  sweeps  across  die  receiving  optics.  The 
photodetectors  all  observe  He  same  temporal  frequency  (die  Doppler  frequency  related  to  velocity)  bul  observe 
different  spatial  frequencies  since  the  interference  pattern  fringes  am  not  parallel.  This  tianslates  to  a  phase 
difference  between  detectors.  This  phase  diffeience  is  related  ,o  ,he  cmvatitre  of  He  frmge  pa, tern,  which  is 
related  to  droplet  or  bubble  diameter  (and  a  long  list  of  other  parameteis.  which  am  generally  known).  WiH 
sophisticated  signal  processing  and  dara  analysis,  He  diameter  (assumed  spherical)  can  be  determined. 

An  earlier  version  of  He  PDPA  system  had  been  fully  characterized  by  the  Principal  Investigator  during  He  1992 

Summer  Faculty  Research  Ptogram  and  utilized  for  dtopiel  measurements  (Roe  1992).  The  primary  instrument 

operating  parameters  which  went  found  to  influence  He  resells  were;  He  incident  beam  intersection  angle, 

frequency  shifting  of  He  incident  beams  by  a  hooting  diffraction  grating,  mceiving  optics  alignmenl, 

photomultiplier  (PMT)  voltage,  and  filtering  of  He  output  signal.  Several  modifications  lo  He  system  hardware 

and  software  occmred  in  He  time  period  be, ween  the  Summer  1992  effort  and  He  begtnning  of  this  researeh 

program.  addition,  fiirfher  modifications  to  He  operation  of  He  system  were  required  for  application  tit  bubble 
sizing. 


EXPERIMENTAL  PROGRAM  AND  REST  IT  ,TS 

The  experimental  program  was  conducted  on-site  at  He  laboratories  of  He  Advanced  Prepulsion  Division, 
Aeropropulsion  and  Power  Directorate,  Wrigh,  Lahore, cries,  Wright-Paltetson  AFB,  Ohio.  The  program  had  two 
aspecis.  Primarily,  He  PDPA  system  was  modified  to  provtde  reliable  operation  for  bubble  sizing  measurement, 
debugged,  characterized,  and  made  operational.  Secondarily,  experimental  apparatus  designed  and  constructed 
til  conjunction  with  anoHer  on-site  contractor  was  evaluated,  using  Ihe  PDPA  as  the  primary  analysis  tool. 
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Rubble  Generators 


Personnel  from  CFD  Research  provided  snpport  tor  the  design  and  consiniclion  ot  several  bubble  generating 
systems  winch  produced  two-phase  flows  suitable  for  effervescent  atomization.  Main  operational  criteria  included 
the  ability  to  reliably  produce  bubbles  with  specific  size  distribution  characteristics,  optical  access  tor  the  PDPA 
system,  controllability,  and  repeatability.  This  last  proved  more  difficult  than  originally  anticipated. 

The  bubble  generation  was  accomplished  by  bubbling  air  into  a  flowing  stream  of  water.  Three  different 
configurations  were  tested.  The  first  utilized  an  existing  1-inch  square  lest  section,  with  a  two-dimensional, 
variable  area,  converging-diverging  section  to  control  bubble  generation.  Maximum  use  of  pre-existing  hardware 
was  made  to  minimize  long  lead  times  in  the  laboratory  machine  shops.  Water  flowed  ihrough  the  duct,  and  a 
tube  with  small  holes  was  inserted  such  that  the  air  bubbled  threugh  the  holes  into  the  water.  The  position  of  the 
tube  could  be  varied  Ihroughout  the  variable  area  section  of  the  assembly,  so  that  the  local  water  velocity  at  the 
injection  point  would  va^.  It  was  hoped  that  this  would  alter  the  shearing  action  of  the  water  on  the  bubble  pods 
and  change  bubble  size  controllably.  Bubble  size  could,  in  fact,  be  varied,  but  repeatability  was  not  acceptable. 
Additionally,  optical  access  required  for  good  PDPA  measurements  was  not  sufficient. 

The  second  bubble  genenUor  utilized  a  1-inch  diameter  glass  tube  for  maximum  oplical  access,  and  two  types 
of  air  injection  schemes.  The  water  flowed  through  an  axisymmelric  converging-diverging  nozzle,  with  air 
injection  either  through  a  centerline  tube,  as  with  the  first  configuration,  or  directly  ihrough  die  wall  at  the  nozzle 
throat.  The  majority  of  the  PDPA  evaluation  was  conducied  with  this  generator.  Controllability  of  the  bubble 
generation  process  was  still  deficient,  but,  as  the  primary  goal  of  the  program  was  the  establishment  of  the  PDPA 
as  a  measurement  technique,  this  generator  proved  sufficient  to  achieve  that  end. 

A  third  configuration  was  assembled  by  CFD  personnel,  and  some  preliminary  testing  was  done.  This  design 
featured  a  porous  plate  bubble  generator,  multiple  water  inlets,  swirling  flow,  accumulator  tanks,  and  surge 
eliminators.  Continued  modification  and  testing  of  this  device  is  still  in  progress. 
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PDPA  Evaluation 

The  primary  goal  of  .he  program  was  to  establish  the  capability  of  utilizing  phase-Doppler  panicle  analysis  as 

the  primary  evaluation  too,  for  2-phase.  liquid-gas  injection  scheme.  Although  the  instrumentation  had  been 

previously  utilized  for  droplet  measurements  (Roe  1992)  several  modifications  to  instrument  setup  and  operation 
were  required  for  bubble  sizing. 

Initial  testing  of  the  instrument  was  conducted  with  a  conventional  optical  alignment.  30-degree  forwanl  scatter 
light  collection.  Major  difficulties  were  encountered,  including  poor  signal-to-noise  ratio,  low  datara.es,  obviously 
incorrect  sizing  data,  and  non-repeatable  results.  The  instrument  configuration  was  modified  to  collect  scattered 
light  in  the  63-degree  off-axis  bach  scatter  direction,  bu,  difficulties  continued.  An  extended  assessment  followed, 
staning  with  die  system  optics,  electronics,  and  processors.  I,  was  eventually  discovered  that  a  factory-supplied 
system  software  upgrade  loaded  prior  to  the  star,  of  this  research  program  was  faulty.  In  this  system,  the  software 
controls  the  entire  data  acquisition  and  reduction,  including  casing  the  spacing  between  transmitted  beams, 
conholling  frequency  shift  settings,  setting  fi„e,  cutoffs  in  the  electrenics,  and  calculatmg  diameters  and  velocities 
&om  die  measured  frequency  dan,.  The  parameters  loaded  with  the  software  upgrade  were,  in  fact,  no,  completely 
consistent  with  the  hardware.  This  lead  to  a  wide  range  of  pe^lexing  difficulties  with  die  system.  Even, red, y, 
porfions  of  die  previous  version  software  were  located  and  loaded,  leading  to  acceptable  system  opemtion. 


The  system  was  validated  and  exercised  on  the  second-configuration  CFD  bubble  generator.  The  system  was 
concluded  to  provide  acceptable  operation  for  bubble  diameters  between  approximately  2  to  800  microns,  for  gas- 
to-liquid  volume  redos  as  high  as  10  percent.  This  corresponds  to  a  mass  redo  of  appreximately  0.5  pereen,  a, 
a  pressure  of  20  psia.  Effervescent  injection  was  demonstrated  a,  this  gas  loading,  bu,  typical  applicadons  are 
anticipated  to  have  higher  gas-to-liquid  redos.  The  limitation  on  gas  loading  is  primarily  die  obscuration  of  the 
measurement  region  by  bubbles  between  the  measurement  region  and  the  optic,  I,  may  prove  feasible  to  obtain 
good  PDPA  dare  a,  higher  loadings  by  passing  die  flow,  or  tome  portion  of  it,  through  an  optically  thin  section 
between  two  glass  plates,  so  dial  an  essentially  2-dimensional  slice  of  die  flow  can  be  exmnined. 
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Abstract 


col  d  h  3  neUra'  ne'WOrk  Pr0CeSSlnS  °'  infrared  'ha. 

‘mPrOVemen'  ^  °blained  "  ,he  “  da'a  "  before 
7'  71,6  da,a  afe  dUS,ered  *"">  •*»  categories:  normal  and  on, Her.  These  categories  are 

*  by  ,he  average  and  Standard  d'™'‘°"  'he  RMS  error  that  results  when  a  neural 

aleol;“ln8  'he  leaV°'°neK,Ut  meth°d  aPP'ied  to  >  H***  "™ge.  Applying  the  clustering 
for  10  ^  f  nd  lhS1  Perf°rmanCe  “  imProvcd  from  30%  to  80%  correct  classification 

F  2n  °  P!*e  ,maSeS’  Wh"e  ,he  inc0rrecl  Station  rate  simultaneously  drops  fmm  30%  to  0%. 
O  x  pixel  .mages,  correct  classification  improves  from  29%  to  62%,  while  incorrect  classification 

fo^O  xrr  10  “•  reSUUS  f°r  fUSi°"  0f,°  X  10  ™'h  20  "  20  «  similar  to  those 

ror  zu  x  z u  images  alone. 
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Sensor  Data  Clustering  and  Fusion  for  IR/MMW  Dual-Mode  Sensors 
Using  Artificial  Neural  Networks 


Thaddeus  A.  Roppel 


INTRODUCTION 

This  report  includes  work  done  from  1  January  to  31  December  1993  under  the  Air  Force  Summer  Kesearc 
Extension  Program.  The  laboratory  focal  point  for  this  work  was  Mr.  Ellis  Boudreaux,  WL/MNG-X. 
This  work  would  not  have  been  accomplished  without  the  key  contributions  made  by  Mrs.  Mary  Lou 
Padgett,  Auburn  University  Research  Associate,  by  Mr.  Mark  Townsley,  and  by  Graduate  Researchers 

Mr.  Camille  Raad  and  Mr.  Tobias  Graf  von  Haslingen. 

Sensor  fusion  has  .he  potential  for  improving  detection  and  identification  of  targets.  According  to 
recent  studies,  both  theoretical  and  experimental,  the  amount  of  improvement  can  range  from  almost 
zero  dB  to  well  over  3  dB,  depending  on  the  signal-.o-noise  ratio  (SNR)  of  each  sensor,  and  the  sensor 
noise  correlation.  The  improvement  can  be  effectively  infinite  in  the  case  where  one  sensor  fa, Is 
completely.  Neural  networks  have  been  under  consideration  for  raw  data  fusion  due  to  the  high  spee 
of  response  needed  and  the  complexity  of  the  problem.  This  study  addressed  certain  specific  quest, ons 
regarding  the  training  of  a  neural  network  to  accomplish  raw  data  fusion  under  cond, Irons  where  sparse 
data  are  available.  The  objective  is  to  obtain  generalizable  results  from  a  small  data  set  wrth 
unequally  sampled  categories.  An  algorithm  is  suggested  by  which  a  neural  network  can  be  framed  to 
take  maximum  advantage  of  existing  data,  as  well  as  incorporating  new  data  to  max, mum  advantage. 

MFTHODOLOGY 

In  this  work,  artificial  neural  networks  (ANN'S)  are  trained  on  IR  images  of  three  types  of  ground 
targets.  T-62  tanks,  M-113  APC's,  and  Lance  missile  launchers.  The  available  data  set  contarns  10  tan 
images,  8  APCs,  and  4  launchers.  Each  image  is  a  40  x  40  pixel  image  with  8-bit  grayscale  pixels  and  is 
averaged  down  to  10  x  10  pixels  using  a  neighborhood  averaging  technique.  The  neural  networks  were 
simulated  using  the  Aspirin /MIGRAINES  (A/M)  package  developed  by  Mitre  [Lerghton,  931.  T  e 
architecture  /  training  is  feedforward  with  classical  backpropagation  of  errors  with  the  number  of 
input  nodes  equal  ,0  the  number  of  pixels,  12  hidden  layer  nodes,  and  two  or  three  output  nodes  (one  per 

target  category). 
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set  of  analysis  tools  developed  by  Mr.  Mark  Townsley  and  enhanced  by  Mr.  Camille  Raad,  both 

uburn  Un. versify  Research  Assistants,  forms  the  basis  for  the  results  generated.  These  tools 

supplement  the  neural  network  to  assist  in  determining  clusters  within  target  type  which  have  similar 

average  RMS  error  per  image.  The  interactions  of  the  images  of  different  categories  are  observed  from 

graphs  of  successful  identification  rate  versus  the  decision  threshold  [Masters,  93;  Padgett  et  al.  93J. 

uch  of  the  work  illustrated  is  an  extension  of  the  techniques  described  in  [Webster  et  al.84;  Padgett  et 

a  .85;  Padgett,  Roppel  92  ;  and  Padgett,  Karplus  84]  and  using  the  NASA  Nets  multilayer  perceptron 
simulator  described  in  [Savely  et  al.  90]. 

The  motivation  for  the  current  approach  came  from  several  sources.  Exploration  of  the  A/M  simulator 

capabilities  led  to  investigation  of  its  "rocks  and  mines"  example,  which  is  similar  in  principle  to  our 

tan  /  auncher/ APC  problem,  and  to  conversations  with  T.  Sejnowski  [Gorman  and  Sejnowski  88]  Alexis 

eiland,  of  UCLA,  also  discussed  the  use  of  the  Principal  Components  Analysis  (PCA)  and  Canonical 

iscnminant  Analysis  (CDA)  tools  in  MIGRAINES.  Further  insight  was  provided  by  [Dai  92  and  Gluck 
et  al.  92], 


In  the  example  using  sonar  data  to  classify  objects  as  rocks  or  mines,  a  huge  training  set  was  available, 
an  many  angles  of  incidence  were  included  in  this  set.  Being  able  to  control  the  sample  data  the 
environment  and  replications  allowed  the  researchers  to  control  the  variance  and  sample  size 
owever,  as  ,n  many  real-world  situations,  the  project  reported  here  is  expected  to  use  hard-to-obtain 
expensive  images  with  unequal  sample  sizes,  faulty  sensors,  and  few  target  rotations.  The  results  of 
m  rndual  flight  tests  are  unequally  represented  in  the  training  images,  and  the  range  of  flight 
conditions  is  limited  compared  to  those  expected  in  actual  combat.  I,  is  also  a  condition  of  this  study 
that  the  image  data  be  prosen, ed  to  the  neural  network  with  as  little  pre-processing  as  possible.  Any 
in  ormahon  generated  about  the  images  is  considered  to  be  valuable  for  the  design  of  future  data 
CO  ection  experiments  and  for  comparing  data  fusion  techniques. 

Future  enhancements  of  the  neural  network  strategy  are  targeted  toward  principles  discussed  by 
Sejnowski  as  extensions  of  his  earlier  work.  Colleagues  o,  M.  Arbib  are  also  investigating  the  fusion  of 
mu  tisensory  input  using  feedforward  neural  networks  with  backpropagation  training  and  limited 
connectivity  [Fagg  and  Arbib  92],  Essentially,  if  two  banks  of  sensors  are  providing  input,  the  hidden 
layer  nodes  may  be  divided  into  regions.  There  may  be  regions  accepting  input  from  only  one  sensor  bank 
type  and  a  region  accepting  input  from  both  types  to  illustrate  their  interaction.  The  degree  of  overlap 
is  controllable  and  an  excellent  experimental  tool.  The  separation  needed  for  identification  of  different 
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features  found  in  the  input  sets  might  require  the  addition  of  another  hidden  layer.  Such  architectural 
modifications  to  the  current  single  hidden  layer,  fully  connected  neural  network  are  potentially  useful, 
but  will  not  be  employed  unless  deemed  necessary  with  the  addition  of  more  image  types  and  sensor 

types  in  the  future. 

For  the  current  set  of  IR  images,  experts  cannot  routinely  visually  detect  the  targe,  category  (tank,  APC 
or  launcher).  Some  clustering  of  images  can  be  visually  detected,  but  before  analysts  it  is  difficult  to 
decide  the  significance  of  this  clustering.  The  methodology  presented  below  extends  that  described  m 

[Padgett  et  al  93]. 

First,  the  average  RMS  error  per  image  is  computed  using  the  entire  set  of  images  and  jackknifing  using 
the  leave-one-out  method  [Masters,  93  p.  12].  All  but  one  example  from  each  pattern  category 
(categories  in  this  case  include  tanks,  APC's,  and  missile  launchers)  is  included  in  the  training  set,  an 
the  left-ou.  examples  from  each  category  are  used  for  testing.  This  procedure  is  repeated  un.,1  each 
image  has  been  used  as  a  test  image  for  an  artificial  neural  network.  Ideally,  if  the  training  sets  for 
each  category  are  homogeneous  in  some  sense  detected  by  the  neural  network,  the  RMS  error  o  eac 
image  in  a  category  will  be  close  to  the  average  RMS  error  for  that  category  [Savely,  e.  al.  1990],  In  a 
well-trained  neural  network,  the  average  and  maximum  RMS  errors  should  be  low  for  the  .mages  m  the 
training  set  and  for  the  image(s)  in  the  testing  set. 

For  a  second  determining  factor,  including  the  interactions  among  images,  the  confusion  matrix  results 
versus  threshold  are  diagrammed.  The  RMS  error  generated  by  each  test  set  of  images  (one  from  each 
pattern  category)  is  graphically  illustrated  by  grouping  the  results  into  correct,  incorrect  and  ambiguous 
responses  based  on  a  threshold.  This  threshold  is  intended  to  be  varied  by  the  user  according  to  t  e 
penalties  associated  with  incorrect  results  (e.g.  hitting  a  manned  vehicle),  versus  setting  a  flag 
indicating  an  "uncertain"  condition  to  be  dealt  with  in  an  increasingly  vigilant  manner  in  the  next  set  o 

images  in  the  series. 

The  leave-one-ou.  results  and  the  confusion  matrix  results  are  used  to  cluster  the  available  data  into 
■normal  data"  and  "outlier  data."  The  normal  data  are  the  images  which  are  self-consistent  and 
mutually  reinforcing.  They  will  lead  to  good  neural  network  performance  in  the  sense  that  the  network 
will  correctly  classify  them  with  a  high  probability  regardless  of  which  images  are  used  for  training 
or  testing.  The  outlier  data  are  those  images  which  tend  not  to  be  recognized  by  the  network  trained  on 
the  normal  images.  In  other  words,  the  network  has  trouble  generalizing  from  the  normal  images  to  the 


ou,lier  image,  This  can  occur  due  to  a  number  of  condition.  For  example,  an  outlier  image  may  have 

been  collected  under  extreme  i.iumination  conditions,  or  perhaps  i,  contains  excessive  noise  or 
obstruction. 


are  presently  in  the  process  of  generating  an  objective,  computer-based  fuzzy  logic  algorithm  to 
perform  the  clustering  discussed  above,  but  presently  i,  is  done  manually.  For  this  analysis  the 
magmtude  of  the  standard  deviation  is  considered  along  with  the  average  RMS  error.  These  results  are 
used  to  separate  the  images  of  each  target  type  into  two  clusters,  -normal"  and  -outlier." 

RESULTS 

The  results  are  presented  graphica.ly,  accompanied  by  discussion.  There  are  two  types  o,  graphs  each 

Of  which  requires  some  explanation  before  it  can  be  usefully  read. 

Explanation  of  Graph  Formal 

Graph  Type  ,.  rms  Error  Results  versus  Images  fe  g  >  Figure  ,  ^  0n  ^  ^  ^  ^  ^ 

pomt  on  the  hortzontal  axis  represents  an  individual  image  from  the  available  data  set.  The  images 
are  grouped  by  type  (tank,  APC,  or  iauncher),  and  within  each  type  the  images  are  numbered  starting 
rom  zero.  The  numbering  is  consistent  from  graph  to  graph,  so  that  -Launcher  0"  always  refers  to  the 
same  image,  etc.  The  vertical  axis  scale  is  the  percent  RMS  error.  This  is  the  neural  network  error  as 
measured  by  the  RMS  deviation  of  the  output  from  the  ideal  values  of  1.0  or  0.0.  Associated  with  elch 
■mage  are  three  data  point  symbols;  two  open  circles  and  an  asterisk  (*).  The  asterisk  marks  the  value 
Of  the  average  RMS  error,  as  accumulated  over  a„  the  leave-one™.  runs  where  this  image  was  left  ou, 
an  then  trained  on.  The  open  circles  mark  the  average  plus  and  minus  twice  the  standard  deviation  of 
e  error.  Inclusion  of  both  open  circles  is  intentionally  redundant,  but  leads  to  the  disconcerting 
appearance  a  negative  RMS  error,  which  is  an  artifact.  On  this  type  o,  graph,  outlier  images  tend  to 
appear  as  having  high  average  RMS  error  and/or  large  standard  deviation  of  error. 

Graph  Type  2;  Confusion  Matrix  Results  versus  Threshold  (e.g..  Figure  1,  bottom,.  On  this  graph  type 
e  images  are  not  individually  represented.  The  vertical  axis  measures  the  percent  of  the  total 
number  of  leave-one-ou,  trial.  The  to, a,  number  of  trials  for  a  particular  graph  depends  on  which 
■mages  are  included  ,n  the  experiment.  For  example,  if  launchers  and  tanks  are  included,  then  the 
.Ota,  number  of  trials  wil,  be  ,10  tanks,  x  (4  launchers,  =  40  trial.  The  horizontal  axis,  labeled 
res  old,  ,s  the  decision  threshold  for  the  confusion  matrix.  Each  time  an  image  is  tested,  the 
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neural  network  outputs  take  on  values  Iron,  aero  ,o  one  (actually,  0.05  to  0.95  due  to  simulator 
convergence  requirements).  If  a  particular  threshold  value  is  chosen,  then  the  outputs  can  mterpreted 
thus:  target  correctly  identified,  target  incorrectly  identified,  or  indeterminate  /  unclassified.  The 
latter  case  occurs  when  the  outputs  are  between  0.05  ♦  threshold  and  0.95  •  threshold.  The  higher  I  e 
threshold  value,  the  less  likely  an  indeterminate  value  will  be  obtained,  since  more  results  are  forced 
to  be  considered  either  correct  or  incorrect.  A  perfectly  performing  neural  network  would  show  100 
percent  correct  classification  at  the  lowest  value  of  threshold.  Each  data  point  (value  of  thres  o 
has  three  data  markers  associated  with  it.  An  asterisk  is  used  to  indicate  the  percentage  of  correct 
classifications,  an  open  circle  indicates  the  percentage  of  indeterminate  classifications,  and  an  X  rs 
used  to  indicate  the  percentage  of  incorrect  classifications. 


Graphical  Results  and  Discussion 

Figure  1  shows  the  results  of  using  all  the  available  data  to  train  the  neural  network,  without  trying  to 
identify  outliers.  Only  about  30%  of  the  targets  are  correctly  identified  at  the  maximum  threshold 
level,  while  30%  are  incorrectly  identified  and  40%  are  indeterminate.  Figure  2  shows  the  substantral 
improvement  that  results  from  identifying  the  outliers  and  forcing  them  into  the  training  set  at  all 
times.  In  this  case  the  correct  identification  is  made  about  80%  of  the  time,  and  no  incorrect 
identifications  are  made.  The  improved  performance  is  also  evident  from  the  graph  of  RMS  error 
results,  which  shows  reduced  average  RMS  error  and  standard  deviations.  The  numerical  results  from 
these  two  figures  are  summarized  in  Table  1.  Also  shown  in  Table  1  are  the  confusion  matnx  results  for 
the  two-target  experiments.  Figure  3  shows  the  graphical  results  for  tanks  and  APC's,  Figure  4  shows 
AFC's  and  launchers,  and  Figure  5  shows  tanks  and  launchers.  In  each  figure,  the  outliers  are  identrfred 
from  the  RMS  error  graphs  as  those  images  having  the  largest  average  RMS  error  and/or  the  largest 
standard  deviations.  After  identifying  all  of  the  outliers,  the  outliers  are  forced  into  the  training  set, 
with  the  results  as  described  above,  in  Figure  2,  and  in  the  last  row  of  Table  1. 
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fl^a,““hoTtS  f”  Vari°US  'raininS  “nditto"s-  A“  *<■  ™  «ad  iron,  the  indicated 


Targets 

Correct  % 

Incorrect  % 

Unclass.  % 

Outliers 

Detected 

Comment 

Tanks 

APC's 

Launchers 

30 

30 

40 

Launcher  0 

APC 1, 5, 6 

Tank  7 

Novell  ui  Iv.  1 

All  data  treated 

equally.  Fieurp  1 

Tanks 

APC’s 

82 

14 

4 

APC  1 

Tank  7 

n  7  •  1  ui c  l. 

All  data  treated 

equally  Fio-nrp  3 

APC's 

Launchers 

53 

28 

19 

Launcher  0 

APC  0,1 

All  data  treated 

GGUdllv  Fio-nrp*  d 

Tanks 

Launchers 

48 

30 

22 

Launchers  0,1 

Tank  3 

All  data  treated 

GGUdllv  Fianrp 

Tanks 

APC’s 

Launchers 

80 

0 

20 

v^juuuy.  X  liiLUc  J, 

Outliers  forced 

into  training  set. 

Figure  2. 


V.sua,  inspection  of  the  final  clustering  of  the  images  revealed  a  solid  technical  basis  for  the  need  to 
me  ude  these  images  in  the  training  set.  Only  with  the  high-RMS  error  images  included  in  the  training 
se  were  the  complete  set  o,  available  flights  sampled.  Due  to  cloud  condition,  and  time  of  day,  image 
intensity  variation  between  flights  was  significant.  These  results  suggest  tha,  some  effort  nei  to  l 
irected  at  reducing  the  intensity  sensitivity  of  the  neural  network. 

Image  Resolution  Expprjments 

In  order  to  further  investigate  the  IR  imagery,  we  conducted  a  series  of  experiments  using  higher 
reso  uhon  images.  The  experiments  described  previously  used  40  x  40  pixel  images  mduced  to  10  x  10 
pixels  by  neighborhood  averaging.  We  generated  a  se,  of  IR  images  starting  from  the  same  40  x  40 
ys,  u  averaging  down  only  by  a  factor  two  in  each  dimension  to  20  x  20  pixels.  These  higher 
reso  u  ion  images  were  used  in  the  same  type  of  experiments  as  described  previously.  The  neural 
network  architecture  was  slightly  modified  accommodate  the  increased  input  array.  In  order  to  tes, 
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the  effect  of  resolution  on  identification,  a  series  of  experiments  was  conducted  with  the  20  x  20  images. 
We  hypothesized  that  increased  resolution  would  provide  better  target  discrimination  since  more 
information  was  available  to  the  neural  network.  We  were  somewhat  surprised,  therefore,  to  find  that 
the  performance  was  considerably  worsened.  The  results  are  shown  in  Figure  6,  and  may  be  compare 
with  those  shown  in  Figure  1.  Notable  improvement  was  achieved,  as  in  the  10  x  10  case,  by  forcing  t  e 
outliers  into  the  training  set.  These  results  are  shown  in  Figure  7,  which  may  be  compared  with 

Figure  2  These  comparisons  are  summarized  in  Table  2.  These  results  suggest  that  further  wor  is 

required  to  optimize  the  neura,  network  architecture  in  order  ,0  accommodate  the  increased  resolution 
images. 

Table  2  Comparison  of  10  x  10  performance  with  20  x  20  performance  at  maximum  threshold. 

LEGEND:  "*"  =  percentage  correct,  "X"  =  percentage  incorrect,  "O"  =  percentage  unclassi  i__. _ 


Image  Resolution 

Tanks,  APC's,  Launchers 
10  x  10  pixels 

Tanks,  APC's,  Launchers 
20  x  20  pixels 


All  images  tested 

*  =  30% 

X  =  30% 

Q  =  40% 

*  =  29% 

X  =  54% 

O  =  17% 


Outliers  forced  into  training  set 
»  =  80% 

X  =  0% 

_ O  =  20% _ 

*  =  62% 

X  =  12% 

O  =  26%  _ _ 


Sensor  Fusion  Experiments 

Our  original  objective  in  this  project  was  to  investigate  IR  /  MMW  radar  sensor  fusion.  However,  there 
has  been  an  extensive  delay  in  obtaining  valid  radar  data.  As  of  this  writing,  we  have  |ust  been  able  to 
extract  radar  data  from  a  data  set  that  should  prove  useful  in  future  experiment,  Neverthele*,  we  put 
considerable  effort  into  designing  the  fusion  experiments  with  the  goal  of  being  ready  to  conduct  t  e 
experiments  as  quickly  and  efficiently  as  possible  when  the  data  are  ready.  In  order  to  test  our 
algorithms,  and  to  further  investigate  the  high  resolution  results  reported  above,  we  conducted  a  series 
of  experiments  on  fusion  of  the  low  resolution  images  (10  x  10)  with  the  higher  resolution  .mages  (20  x 
20)  Our  hypothesis  was  that  some  improvement  should  result,  since  the  low  resolution  data  would 
provide  coarse  feature  information,  while  the  higher  resolution  would  provide  differentiating  detail. 
The  results  are  shown  graphically  in  Figure  8  (all  images  treated  equally)  and  in  Figure  9  (outliers 
forced  into  training  set).  The  results  at  maximum  threshold  are  summarized  in  Table  3.  From  this  data, 
it  is  evident  that  fusion  enhancement  is  not  significant  for  the  experimental  conditions  shown  here.  The 
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fusion  results  are  almost  identica.  to  the  results  for  20  x  20  atone,  which  seems  to  support  the  idea  that 
the  neural  network  is  not  optimized  for  the  higher  resolution  images. 


Table  3.  Low  resolution,  higher  resolution,  and  fusion  performance  at 


maximum  threshold. 


Image 


All  images  tested 


Outliers  forced  into  training  set 


Resolution 

Correct  % 

Incorrect  % 

Unclass.  % 

Correct  % 

Incorrect  % 

10x10 

30 

30 

40 

80 

0 

?n 

20x20 

29 

54 

17 

62 

12 

26 

FUSION 

24 

53 

23 

61 

11 

28 

Dual  Mode  Data  Extraction  from  IPS  A 

The  goal  of  this  subtask  is  to  use  existing  software  and  data  to  establish  a  dual  mode  image  set  for 
sensor  fusion  experiments  a,  Auburn.  This  subtask  was  begun  during  the  author's  1993  summer  research 
program  at  Wnght  l  aboratory,  and  continued  upon  returning  to  Auburn.  The  data  set  consists  of  co- 
resighted  MMW  /  IR  data  taken  on  a  low-observable  subsonic  aircraft  (LOSA).  The  packed  raw  data 
together  with  a  large  ground-processing  software  (GPS)  package  was  made  available  to  us  The 
ongmal  GPS  was  written  for  a  specific  VMS-based  computer  system  A  considerable  amount  of  time  has 
n  spent  modifying  the  GPS  code  to  run  under  UNIX  in  a  more  flexible  and  portable  environment,  since 
Auburn  no  longer  has  a  supported  VMS  system.  As  of  this  writing,  we  have  been  able  to  view  IR  still 
frames  from  the  packed  data,  and  also  we  have  been  able  to  view  coarse-range  gate  Mn  maps  tha,  are 
time-tagged  to  the  IR  images.  We  will  begin  fusion  experiments  immediately  with  this  data 
however,  time  will  not  permit  the  results  to  be  included  in  this  report.  We  intend  to  report  the  results 
m  a  briefing  to  WL/MN  during  January  1994. 

CONCLUSIONS 

The  most  significant  result  of  the  experiments  conducted  under  this  contract  is  the  development  of  an 
algor, thmic  method  to  separate  the  available  data  into  distinct  categories  for  training  purposes.  For 
est  performance,  it  is  essential  to  know  which  data  will  enhance  performance  and  which  will  be 
con  using  to  a  parhcular  neural  network  architecture.  Principal  components  analysis  (PCA)  and 
canonical  discriminant  analysis  (CDA)  are  conventional  techniques  which  have  the  same  objective  It 
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is  worthwhile  to  investigate  the  combined  use  of  these  tools  with  the  algorithm  we  have  reported 
here.  We  have  been  successful  in  installing  the  LOSA  data  and  ground  processtng  software,  and  are 
about  to  begin  IR  /  MMW  sensor  fusion  experiments. 
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Figure  1.  Neural  network  performance 
clustering  of  images. 
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Figure  2.  Neural  network  performance  on  all  three  target  types  after 
applying  the  image  clustering  algorithm. 
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Confusion  Matrix  Results  vs  Threshold 
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image  clustering. 
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Figure  4.  Neural  network  performance  on  two  target  types  with 
image  clustering. 
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Figure  5.  Neural  network  performance 
image  clustering. 
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Confusion  Matrix  Results  vs  Threshold 


RMS  Error  Results  vs  Images 

Tanks,  APC’s,  and  Launchers  leave-one-out  process  (20x20,  IR  only) 
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tSare^S!,netWOrl?  P^0rmance  °n  higher  resolution  images.  All 
g  t  types  are  included;  image  clustering  is  applied. 
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Confusion  Matrix  Results  vs  Threshold 
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Figure  8.  Neural  network  performance  on  fused  low  and  high  resolution 
images.  All  three  target  types  are  included  with  no  image  clustenng. 
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CHARACTERIZING  THE  SOLID  FRAGMENT  POPULATION  IN  A  DEBRIS 
CLOUD  CREATED  BY  A  HYPERVELOCITY  IMPACT 

William  P.  Schonberg 
Associate  Professor 

Civil  &  Environmental  Engineering  Department 
University  of  Alabama  in  Huntsville 

Abstract 

n>e  key  to  conducting  an  accurate  lethality  assessment  is  the  use  of  a  robust  assessment 
methodology.  To  be  applicable  in  a  aide  class  of  engagement  scenanos,  a  lethality  assessment  methodo¬ 
logy  shouid  incorporate  ah  the  sigmfiean,  response  mrd  damage  mechanisms  whrch  result  from  hyperve- 
locrty  kmetic  energy  weapon  (KEW)  impacts.  One  of  fire  cntical  components  of  a  lethality  assessment  is 
the  charactenzatron  of  the  debris  cloud  created  by  the  mitial  KEW  impact.  Without  a  proper 
characterization  of  the  debris  cloud  matenal  i,  is  impossible  to  obtain  an  accnrate  prediction  of  the 
response  of  an  intenor  target  component  to  subseguent  debns  cloud  rmpac,  loadmgs.  The  fhst-nmning 
codes  FATEPEN2,  KAPP-11,  and  PEN4  contain  fragmentation  models  that  characterize  the  debris  cloud 
fagmen.  population  resulting  from  a  high  speed  impact.  The  objectives  of  the  work  descnbred  in  this 
repot,  was  first,  compare  the  pred, cions  of  the  fragmentatron  models  within  these  three  codes  against 
each  other,  and  secnd,  to  document  similanties  and  differences  between  the  predie, ive  capabilitres  of  fire 
three  fragmentation  models  over  fire  entire  2-16  km/s  impact  velocity  regime.  These  objectives  were 
aclueved  through  a  parameters  study  of  debns  cloud  material  charactenzatron  usrng  fire  fragmenratron 
schemes  m  the  FATEPEN2,  KAPP-II,  and  PEN4  semr-empirica,  lethalrty  assessment  schemes  over  fire  2- 
16  km/s  unpact  velocity  regime  for  a  vanety  of  projectile  and  Urge,  materials  and  configuration. 
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CHARACTERIZING  THE  SOLID  FRAGMENT  PORTION  IN  A  DEBRIS 
CLOUD  CREATED  BY  A  HYPERVELOCITY  IMPACT 


William  P.  Schonberg 


1.0  INTRODUCTION 

The  key  to  conducting  an  accurate  lethality  assessment  is  the  use  of  a  robust  assessment 
methodology.  The  desire  to  understand  the  damage  mechanisms  that  produce  warhead  kills  in  missile  sys¬ 
tems  has  increased  the  need  for  more  accuracy  in  both  response  characterization  and  m  lethality 
assessment.  To  be  applicable  in  a  wide  class  of  engagement  scenarios,  a  lethality  assessment  methodology 
should  incorporate  all  the  significant  response  and  damage  mechanisms  which  result  from  hypervelocity 
weapon-target  interactions.  For  kinetic  energy  weapon  (KEW)  impacts,  which  can  occur  at  speeds  ranging 
from  2  to  16  km/s,  target  response  and  damage  mechanisms  can  be  divided  into  distinct  categories:  ’local 

phenomena'  and  'global  phenomena. 

Local  response  and  damage  phenomena  are  primarily  due  to  the  intense  initial  loading  associated 
with  a  hypervelocity  impact:  material  damage  occurs  very  quickly  (on  the  order  of  microseconds)  and  is 
limited  to  an  area  near  the  impact  site.  At  sufficiently  high  impact  velocities,  shatter,  melting,  and/or 
vaporization  of  the  materials  can  occur.  Global  response  and  damage  phenomena  occur  over  a  longer 
period  of  time  (on  the  order  of  milliseconds),  under  less  intense  loads,  and  over  a  larger  area  of  the  target 
structure.  In  KEW  impacts,  one  or  more  debris  clouds  are  created  during  the  initial  impact  on  the  outer 
wall  of  a  target.  These  debris  clouds  spread  out  as  they  move  through  target  voids  and  eventually  impact 
an  inner  wall  or  interior  component  of  the  target  structure.  Depending  on  the  impact  velocity  and  the 
relative  material  properties  of  the  projectile  and  target,  these  debris  clouds  can  contain  solid,  melted,  and/or 

vaporized  projectile  and  target  materials. 

One  of  the  critical  components  of  a  lethality  assessment  is  the  characterization  of  the  debris  cloud 
created  by  the  initial  KEW  impact.  Without  a  proper  characterization  of  the  debris  cloud  material  it  is 
impossible  to  obtain  an  accurate  prediction  of  the  response  of  an  interior  target  component  to  subsequent 
debris  cloud  impact  loadings.  Unfortunately,  because  very  little  impact  test  is  available  at  speeds  above 
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approximately  8  km/s,  characteristics  of  the  debris  cloud  fntgments  created  by  impacts  at  velocities  above 

8  km/s  have  yet  to  be  well  defined.  This  in  turn  implies  that  semi-empirical  lethality  assessment  schemes 

currently  used  to  detemune  the  lethal  effectiveness  of  KEW  systems  am  sigmficantly  limited  h,  to 

characterization  of  the  material  in  the  debris  clouds  created  by  vety  high  speed  impacts.  The  need  for 

leMty  assessments  of  KEW  impacts  a,  spe^s  in  excess  of  the  maxhnum  velocities  for  which  cunently 

available  lethality  assessment  schemes  are  valid  thus  creates  a  dilemma  for  the  lethality  assessment 
community. 

M«  obviously,  the  results  of  lethality  assessments  using  semimmpirical  codes  may  be 

quest, enable  at  impact  velocities  greater  than  those  for  which  the  codes  were  designed.  However,  the 

results  of  hydrocode  damage  assessments  may  also  be  suspect  in  scenarios  involving  impact  velocities 

greater  than  the  highest  impact  velocity  for  which  the  equation-of-state  used  by  the  hydrocode  is  valid. 

Hus,  the  results  obtained  using  hydrocodes  may  be  just  as  correct  or  incorrect  as  those  obtained  using 

fast-running  sem«mpirical  codes.  While  hydrecodes  may  eventually  reach  a  level  of  sophistication  where 

their  equations-of-state  are  valid  for  impact  velocities  grearer  than  8  km/s,  i,  appears  dta,  in  dte  hnmediam 

future  the  most  cost-effective  means  of  perforating  a  lethality  assessment  is  with  fast-running  semi- 

empirical  codes.  The  imporiance  of  perforating  an  accurate  debns  cloud  characterization  in  a  lethality 

assessment  and  the  availability  of  a  variety  of  lethality  assessment  codes  naturally  begs  the  question  as  to 

whether  or  not  the  ava, table  codes  are  consistent  in  their  debris  cloud  material  characterizations.  This 

question  applies  not  only  to  the  impact  velocity  regimes  within  which  the  codes  have  been  experimentally 

verified  (typically  between  2  and  8  km/s),  b„,  also  for  speeds  beyond  the  testable  regime  (i.e.,  in  excess  of  8 
km/s). 

He  semi-empirical  codes  FATEPEN2  [1-4],  KAPP-,1  [5-7],  and  PBN4  [8,9J  contain  fragmen¬ 
tation  models  that  charactenze  the  debris  cloud  fragment  population  resulting  from  a  high  speed  impact. 

The  equations  in  these  computer  codes  have  been  designed  to  provide  estimates  for  the  number  and  sizes  of 
dte  solid  fragments  resulting  from  such  an  impact,  as  well  as  their  speeds  and  angular  distributions  about 
ginal  projectile  trajectory.  Each  of  these  codes  has  been  benchmarked  with  experimental  test  results 
and  designated  for  use  within  a  specific  impact  velocity  regime  and  for  specific  materials  and  target 
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configurations  based  on  those  tests.  The  objectives  of  the  work  descnbed  in  this  report  were  first,  to 
compare  the  predictions  of  the  fragmentation  models  within  these  three  codes  against  each  other,  and, 
second,  to  document  similarities  and  differences  between  the  predictive  capabilities  of  the  three 

fragmentation  models  over  the  entire  2-16  km/s  impact  velocity  regime. 

A  parametric  study  of  debris  cloud  material  characterization  was  performed  using  the 
fragmentation  schemes  in  die  FATEPEN2,  KAPP-II  (version  1.1),  and  PEN4.V10  semirempirical  lelhality 
assessment  schemes  over  the  2-16  km/s  impact  velocity  regime  for  a  variety  of  projectile  and  target  mater- 
ials  and  configurations.  The  analysis  focused  on  the  characterization  of  die  solid  fmgmen.  population  in  a 
debris  cloud  created  by  a  hypervelocity  impact.  This  included  calculating  the  number  of  projectile  and 
target  material  fragments,  as  well  as  their  sizes,  speeds,  and  trajectories.  In  addition  to  comparing  the 
predictions  of  the  various  fragmentation  models  against  one  another,  the  three  fragmentation  schemes  were 
evaluated  for  their  completeness,  their  ease  of  implementation  and  use,  and  the  availability  of  material 

properties  required  for  their  operation. 


2.0  FRAGMENTATION  SCHEMES:  SYNOPSIS  AND  QUALITATIVE  EVALUATION 

The  following  sections  contain  a  brief  description  of  the  three  fast-running  semi-empincal  lethality 
codes  and  their  fragmentation  schemes.  In  each  case,  a  brief  summary  of  the  codes  and  their  histories  is 
presented,  followed  by  a  summary  of  their  respective  fragmentation  schemes.  It  is  noted  that  no  attempt  is 
made  to  critique  the  entire  lethality  assessment  capability  of  any  of  the  three  fast-tunning  codes  selected  for 
study.  The  focus  of  this  investigation  and  the  comments  made  is  strictly  the  manner  in  which  each  code 
treats  the  fragmentation  of  the  impacting  projectile  and  the  target  material  in  the  immediate  vicinity  ofthe 
impact  site.  The  comments  made  are  also  those  of  a  first-time  user  of  the  three  codes,  and  as  such,  can  be 
especially  useful  to  those  users  experimenting  with  these  three  codes  for  the  first  time. 


2.1  FATEPEN7  --  An  Introduction 

The  FATE  family  of  codes  [1-4]  was  developed  for  the  Naval  Surface  Weapons  Center  (NSWC) 
for  analyzing  the  impacts  of  warhead  fragments  against  aircraft  structures  over  an  impact  velocity  range  of 


1 .0  to  5.0  km/s.  The  present  version  of  FATEPEN2  is  actually  an 


improvement  of  FATEPEN,  which  itself 
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was  created  by  combining  two  independently  developed  projectile  penetration  programs  called  FATE  and 

PENBAM.  The  code  FATE  was  developed  to  simulate  very  high  velocity  projectile  impacts  of  aluminum 

and  steel  plates  and  focuses  on  the  transformation  of  a  single  projectile  into  a  debris  cloud  and  the  resulting 

-iamage  to  a  targe,  plate  array.  PENBAM  was  developed  to  simulate  high  velocity  of  multiple  space  plates 

by  steel,  tungsten,  and  DU  projectiles.  While  PENBAM  considers  a  variety  of  projectile  shapes,  it  is 

concerned  only  with  subsequent  penetrations  by  the  primaty  residual  projectile  fragment  subsequent  to 

intpact.  Thus,  the  original  FATEPEN  code,  and,  subsequently  FATEPEN2,  incorpotates  the  debris  cloud 

formatton,  penetration,  and  plate  damage  algorithms  of  FATE  as  well  as  the  generality  of  the  PENBAM 

program  with  regard  to  projectile  shape  and  projectile  and  plate  materials.  The  FATEPEN  code  has  been 

modified  over  the  years  to  include  projectile  tip  erosion  even  at  impact  velocities  below  shatter  velocity. 

The  equations  within  die  current  version  of  FATEPEN2  predict  die  number  of  plates  perforated  u,  multi- 

plate  target  arrays  as  well  as  the  diameters  of  the  holes  in  the  perforated  plates.  In  addition,  FATEPEN2 

predicts  die  number,  size,  trajectories,  and  velocities  of  die  fragments  in  die  debris  clouds  created  as  die 

projectile  first  impacts  the  outermost  plate  and  then  as  its  remains  move  through  the  multi-plate  target 
array, 

22  FATEPEN2  -  Fragmentation  Schsmf* 

The  fragmentation  scheme  of  FATEPEN2  consists  of  a  series  of  equations  that  calculate: 

1)  the  ballistic  limit  velocity  of  the  selected  projectile/target  material  and  geometric 

configuration; 

2)  a  threshold  velocity  for  projectile  fracture,  i.e.,  fragmentation; 

3)  the  largest  residual  projectile  mass  in  the  event  of  fragmentation; 

4)  the  velocity  of  the  largest  residual  projectile  mass; 

5)  two  additional  mean  projectile  fragment  masses  and  the  number  of  such 

fragments; 

6)  a  mean  target  fragment  mass  and  the  number  of  target  fragments;  and, 

7)  a  spread  angle  for  the  projectile  fragments. 

The  expression  for  the  ballistic  limit  velocity  is  a  semi-empirical  equation  while  the  expression  for 
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the  residual  velocity  is  based  on  the  work  of  Recht  and  Ipson  [10].  The  express, on  for  projectile  fracture 
threshold  velocity  is  agam  purely  empirical,  and  is  based  on  NSWC  test  data.  In  calculating  the  largest 
res, dual  projectile  fragment  mass,  a  distinction  is  made  between  impacts  that  result  only  in  projectile 
erosion  (i.e.,  no  projectile  fragmentation)  and  those  which  cause  the  projectile  to  fracture  (i.e.,  to  fragment). 
Unlike  KAPP-II  and  PEN4,  FATEPEN2  does  not  distribute  the  projectile  fragment  masses.  Rather,  ,t 
computes  the  largest  residual  projectile  mass  and  average  mass  values  for  two  sub-classes  of  projectile 
fragments.  The  equation  for  calculating  debris  cloud  spread  is  also  a  semi-empirical  equation  and  is  a 
function  of  impact  conditions,  material  properties,  etc.  However,  the  spread  of  the  target  matenal 
fragments  is  taken  to  be  independent  of  material  properties  and  only  a  function  of  impact  angle. 

The  equations  within  the  FATEPEN2  code  are  valid  for  a  wide  variety  of  metallic  spherical, 
cylindrical,  and  parallelepiped  projectiles  impacting  steel  and  aluminum  target  plates.  It  is  stated  in  the 
FATEPEN2  documentation  that  the  highest  applicable  impact  velocity  is  5  km/s,  and  that  the  code  should 
not  be  used  when  the  target  thickness-to-projectile  diameter  ratio  exceeds  approximately  2.5.  With  such  a 
limited  regime  of  applicability,  the  question  naturally  arises  as  to  just  how  well  (or  poorly)  the  code 

performs  when  it  used  outside  its  prescribed  regimes  of  applicability. 

0  ,  f*  nmmp.nts  &  Observation  on  the  FATEPEN2  FragmentationSchsme 

The  documentation  for  the  FATEPEN2  code  is  fairly  complete,  but  very  difficult  to  understand. 
There  are  no  sub-  or  super-scripts  in  any  of  the  equations.  This  renders  the  equations  practically 
unreadable  and  almost  impossible  to  implement  without  resorting  to  the  code  itself.  In  addition,  the 
equations  are  almost  never  self-contained,  and  rely  heavily  on  tabular  information  and  input  from  other 
(similarly  cumbersome  equations).  Fortunately,  the  actual  code  was  available  during  the  course  of  this 
study  so  that  it  was  possible  to  obtain  quantitative  information  using  the  equations  within  FATEPEN2. 

The  fragmentation  scheme  of  FATEPEN2  is  not  nearly  as  sophisticated  as  that  of  KAPP-II  or 
PENA  While  KAPP-II  and  PEN4  provide  an  actual  mass  distribution  for  the  projectile  and  target 
fragments,  FATEPEN2  provides  the  mass  of  the  largest  residual  projectile  fragment  and  the  average 
masses  of  two  'sub-classes'  of  projectile  fragments.  For  the  target  fragments,  FATEPEN2  merely  presents 
an  average  fragment  mass.  In  addition,  while  the  spread  of  the  projectile  fragments  is  actually  calculated. 
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the  spread  of  the  target  fragments  is  taken  to  be  a  ftmction  of  impact  angle  only,  regardless  of  matenal 
properties,  impact  velocity,  etc. 

On  a  more  posttive  note,  the  FATEPEN2  algorithm  for  calculating  the  largest  residual  projec.de 
mass  is  very  sophisticated,  including  such  phenomena  as  shock  erosion,  shear  extrusion,  and  late-stage 
erosion.  In  adthtion,  the  FATEPEN2  documentation  does  an  excellent  job  describing  the  iinutattons  of  the 
code  with  respect  to  materials,  geometiy,  etc.,  and  the  code  itself  is  applicable  over  a  relatively  wide  mnge 

of  projectile  nuterial/targe.  material  combinations.  However,  as  noted  previously,  its  range  of  apphcability 
in  terms  of  impact  velocity  is  rather  limited. 

2.4  KAPP-II  (version  I  I)- An  Introduction 

KAPP.II  was  developed  for  the  Defense  Nuclear  Agency  to  predict  damage  to  complex  three- 

dimensional  targets  impacted  by  multiple  hypetvelocity  projectiles,  including  chunky  fragments,  rods,  and 

hollow  cylinders  [5],  It  is  the  fiision  of  the  previously  developed  KAPP  and  KNAPP  computer  codes  ([6] 

and  [7j,  respectively).  KAPP-II  has  been  calibrated  for  specific  projectiles  against  specific  target  types 

with  an  extensive  experimental  database  covering  an  impact  velocity  regime  of  approximately  1  9  km/s. 

code  contains  algorithms  that  have  been  modularized  and  arranged  to  allow  a  user  to  address  a  wide 
range  of  impact  problems. 

■Hie  algorithms  within  KAPP-,,  can  be  placed  in  one  of  two  categories:  projectile  algorithms, 
which  charactenze  the  state  of  the  projectile  as  i,  passes  through  a  targe,;  and,  targe,  algorithms,  which 
characterize  die  response  of  target  components.  Projectile  state  characterization  includes  effects  such  as 
erosion  and  fragmentation.  Target  response  characterization  includes  cratering,  component 
dismembetment,  penetration,  and  perforation.  The  semi-empirical  relationships  within  KAPP-II  allow  the 
user  ,0  characterize  die  state  of  the  projectile  as  i,  passes  through  die  dirge,  as  well  as  die  response  of  die 
dirge,  system  to  the  impact  loading  of  die  initial  projectile  and  the  debris  created  by  die  initial  impact.  In 

an  effort  to  be  a  powerful  and  flexible  tool,  KAPP-II  allows  the  user  to  select  algorithms  believed  to  be 
appropriate  for  the  impact  scenarios  of  interest. 

25  KAPP-II  (version  II)-  Fragmentation  Snhpm^ 

KAPP-II  consists  of  a  series  of  algorithms  with  equations  that  can  be  used  to  calculate: 
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1)  the  largest  residual  projectile  mass  with  and  without  projectile  erosion; 

2)  the  velocity  of  the  residual  projectile  mass; 

3)  the  number  of  projectile  fragments, 

4)  the  number  of  target  fragments; 

5)  the  mean  projectile  fragment  mass, 

6)  the  mean  target  fragment  mass; 

7)  a  distribution  of  the  projectile  fragment  masses; 

8)  a  distribution  of  the  target  fragment  masses;  and, 

9)  the  spread  angle  of  the  debris  cloud  containing  projectile  and  target  fragments. 

Upon  review  of  the  KAPP-II  documentation,  it  becomes  immediately  apparent  that  there  is  no 

explicit  expression  for  dre  ballistic  limit  of  the  configuration  and  condrtions  nnder  consideration.  Such  a 
determination  is  made  based  on  a  comparison  of  the  results  of  a  penetration  depth  equation  and  the 
thickness  of  the  targ*  plate,  which  is  a  highly  subjective  process.  Thus,  when  using  the  equations  within 
KAPP-II  to  determine  a  residual  velocity,  the  user  must  first  determine  whether  or  not  perforation  has 
occurred.  For  long  rods,  the  expression  for  residual  velocity  is  based  on  the  distance  from  the  projectile 
impact  face  at  which  the  rarefaction  wave  overtakes  the  impact  shock  in  the  projectile.  It  reflects  the 
average  of  tire  initial  front  end  and  tire  initial  rear  end  velocity  at  unpack  The  expression  for  shod  rods  is  a 

semi-empirical  expression. 

The  largest  residual  projectile  fragment  mass  can  be  calculated  in  one  of  two  ways.  Firs  , 
can  assume  that  the  entire  projectile  will  be  fragmented.  While  this  may  be  a  reasonable  assumption  for 
disk-like  and  'chunky'  projectiles,  it  is  generally  not  appropriate  for  long  rod  projectiles.  Nonetheless,  unde 
such  an  assumption,  the  largest  residual  projectile  fragment  is  then  simply  the  large*  fragment  mass  in  the 
Weibull  distribution  of  the  projectile  mass  fragments.  Second,  tile  user  can  fir*  calculate  the  lengti.  of  the 
impacting  projectile  that  is  eroded  by  the  initial  phase  of  the  impact  event.  By  subtracting  the  eroded 
projectile  mass,  the  large*  residual  projectile  mass  is  immediately  obtained.  The  eroded  projectile  mass 
can  then  be  fragmented  using  the  standard  KAPP-II  approach.  If  the  entire  projectile  length  is  eroded,  then 
the  entire  projectile  can  assumed  to  be  fragmented,  which  is,  in  effect,  the  first  option  ju*  discussed. 
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Although  there  appear  to  be  four  different  expressions  available  for  emulating  debris  cloud 
spread  angle,  three  of  them  are  calibrated  to  calculated  spaced  penetration  depth  and  not  unpact  angle.  The 
expression  that  actually  does  predict  a  spread  angle  is  also  based  on  the  distance  from  the  leading  edge  of 
the  projectile  at  which  the  rarefaction  wave  overtakes  the  impact-induced  shock  wave  in  the  projectile. 

2.6  Some  Comments  Sj  Observations  on  the  KAPPJI  Fraanggatjan  SAmt 

The  equations  within  the  KAPP-II  fragmentation  scheme  are  easy  to  underskmd,  implement,  and 
use,  6irly  self-contained  in  drat  their  reliance  on  tabular  data  ,s  minimal,  and  applicable  over  a  wide 
variety  of  target  and  projectile  materials,  projectile  shapes  (long  and  short  rods,  solid  and  hollow  rods, 
spheres,  etc.),  and  target  configurations  (flat  plates,  re-entry  vehicles,  etc.).  The  user  is  presented  with  a 
wide  choice  of  algorithms  to  use  and  is  also  provided  with  information  regarding  appiopnate  algorithm 
groupings.  This  is  a  very  useful  piece  of  information  for  the  first-time  user. 

One  of  the  most  serious  drawbacks  of  the  equations  within  KAPP-II  is  the  lack  of  any  information 
regarding  their  limitations.  While  some  general  statements  ara  possible,  specific  statements  concerning 
Individual  equations  are  not  possible  because  not  all  of  the  equations  were  calibrated  over  the  same 
dataset.  In  addition,  while  equations  are  provided  for  'long'  and  'short'  rods,  the  user  is  left  to  wonder  as  to 
the  value  of  the  length-todiameter  ratio  that  corresponds  to  the  long  rod/short  rod  boundary. 

Unfortunately,  no  guidance  is  offered  in  the  KAPP-II  documentation  as  to  this  matter. 

While  the  applicability  of  the  equations  within  KAPP-II  extends  to  a  wide  variety  of  metallic  and 
non-metallic  materials,  the  use  of  the  equation  drat  calculates  die  number  of  fragments  is  complicated  by 
the  fact  that  it  requires  as  input  die  'ultimate  failure  strain'  of  the  material.  This  is  a  non-standard  material 
property  and  ,s  not  readily  found  in  standard  materials  properties'  handbook.  To  make  matters  worse,  no 
definition  of  this  property  is  provided  in  die  documentation  regarding  to  origin  or  definition.  Hence,  while 
this  property  is  given  for  the  materials  in  die  properties  table  provided  at  the  end  of  the  KAPP-H 
documentation,  adding  additional  materials  to  this  table  for  use  with  the  fragmentation  equation  is 
unpossible.  In  addition,  the  manner  in  which  the  'ultimate  failure  strain'  parameter  is  used  in  the  equation 
to  calculate  the  number  of  fragments  created  is  also  misleading.  The  user  must  actually  divide  the 
P  value  by  100  prior  to  its  substitution  into  the  equation.  No  where  is  this  stated  in  the  KAPP-II 
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documentation:  this  fact  becomes  apparent  only  after  consulting  the  KAPP-II  source  code,  which 
fortunately  was  available  for  this  investigation. 

2.7  PEN4.vlO  --  An  Introduction 

The  PEN4  lethality  assessment  code  was  developed  for  the  NSWC  in  attempt  to  model  the  impact 
of  high  density  metal  projectiles  against  multi-plate  target  arrays  consisting  of  thin  aluminum  plates  over  a 
wider  range  of  impact  velocities  [9],  It  is  a  collection  of  equations  describing  the  projectile  state  and  target 
impact  response.  PEN4  is  a  modular  code,  constructed  around  the  various  physical  phenomena  that  occur 
during  a  high  speed  impact  event.  Thus,  any  improvement  in  the  understanding  of  a  particular  aspect  of  the 
impact  process  requires  replacing  only  one  module  and  does  not  requtre  any  extensive  rewriting  of  the 
entire  code.  This  model  is  similar  to  the  F  ATEPEN2  model  in  that  the  equations  within  PEN4  were  derived 
using  a  number  of  simplifying  assumptions  and  experimentally  denved  constants. 

By  restricting  the  lower  limit  of  the  impact  velocity  to  approximately  3.5  km/s,  PEN4  neglects 
shear  failure  m  the  projectile  material;  by  restricting  its  upper  limit  of  applicability  to  7.6  km/s,  PEN4 
neglects  material  melting  and  vaporization.  In  the  most  recent  version  [9],  PEN4  has  been  updated  to 
include  more  advanced  fragmentation  schemes  (see,  e.g.,  [1 1]).  These  fragmentation  models  are  a 
considerable  improvement  over  the  models  used  in  the  earlier  versions  of  the  code  (see,  e.g.,  [8]). 
Additional  recent  improvements  in  PEN4  include  new  relations  for  hole  diameter,  crater  depth  and 

diameter,  and  largest  residual  projectile  fragment  mass. 

2.8  PFN4.vlO  --  Fragmentation  Scheme 

The  fragmentation  scheme  of  PEN4  consists  of  a  series  of  equations  that  calculate: 

1)  the  ballistic  limit  velocity  of  the  selected  projectile/target  material  and  geometric 

configuration; 

2)  a  threshold  velocity  for  projectile  fragmentation; 

3)  the  largest  residual  projectile  mass; 

4)  the  velocity  of  the  largest  residual  projectile  mass; 

5)  the  mean  mass  of  the  projectile  fragments, 

6)  a  distribution  of  the  projectile  fragments,  and. 
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7)  the  spread  of  the  debris  cloud  containing  the  projectile  fragments. 

The  expression  for  the  ballistic  limit  velocity  is  based  on  the  form  of  the  expression  developed  in 
Project  THOR  [12,13],  The  development  of  the  expression  for  the  residual  velocity  is  a  genetalization  of 
the  original  derivation  of  residual  velocity  in  the  even,  of  a  plugging  unpact  even,  given  by  Recht  and  Ipson 
[10],  The  expressions  for  fragmentation  threshold  velocities  are  purely  empirical,  and  are  based  on  IRAD 
test  data.  In  calculattng  the  largest  residual  projectile  fragment  mass,  a  distinction  is  made  beriveen  power- 
law  fragmentation  processes  and  power-law  rolloff  fragmentation  processes.  This  distinction  is  based  on 
the  observation  that  there  is  a  rapid  roll-off  in  larges,  residual  fragment  size  for  impact  velocities  above 
approximately  4  km/s  for  steel  and  aluminum  projectiles  impacting  alummum  targe,  plates.  As  m  KAPP- 
n,  PEN4  distributes  the  projectile  fragment  masses  using  a  Weibull  distribution  function. 

The  equations  within  the  PEN4  code  are  strictly  valid  for  spherical  aluminum  2024-T3  and  1018 
sntel  projectiles  impacting  ahuninmn  2024-T3  targe,  plates.  I,  ,s  stided  in  die  documentation  dm,  pmjecdle 
masses  in  excess  of  30  grams  and  values  of  target  thickness-to-projectile  diameter  rations  greater  than  2.0 
will  likely  yield  spurious  results.  Thus,  the  equations  within  PEN4  are  applicable  only  to  a  limited  class  of 

problems.  However,  it  would  sdl,  he  instinctive  to  asceriain  how  well  (or  poorly,  they  perfoim  when  used 
outside  their  specified  regimes  of  applicability. 

2.9  Some  Comments  &  Observations  on  the  PFN4  Fragmentation  Cohen,. 

The  current  documentation  available  for  the  PEN4  code  is  easy  to  follow  and  understand.  The 
equations  are  fairly  easy  to  implement  and  use;  die  usual  preventative  care  must  be  taken  to  ensure  dm, 
appropriate  units  are  used.  Unfortunately,  the  current  documentation  does  not  provide  an  example  using 
the  equations  to  guide  the  firs, -time  user  (unlike  an  early  report  (8j  which  did).  Two  minor  errors  were 
found  in  the  debris  cloud  spread  equation  and  in  die  equation  governing  die  boundary  beriveen  power-law 
and  power-law  roll-off  fragmentation.  Similar  to  KAPP-II  bu,  irnlike  FATEPEN2,  PEN4  actually  provides 
a  mass  distribution  for  die  projectile  fragments  created  as  a  result  of  the  impact  event. 

The  limitations  of  the  code  are  fairly  well  documented  with  regard  to  acceptable  projectile  and 
tinge,  materials  and  configurations  (i.e.,  targe,  thickness,  projectile  diameter,  etc.).  In  fact,  die  comments 
regarding  the  validity  of  the  equation  for  mean  projectile  fragment  mass  are  quite  frank  (it  is  stated  outright 
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that  the  results  it  provides  are  dubious  at  best).  However,  while  most  likely  an  error  of  omission,  the  latest 
documentation  of  PEN4  does  not  provide  an  expression  for  calculating  the  total  number  of  projectile  and 
target  fragments.  In  addition,  no  information  is  provided  to  explicitly  address  the  fragmentation  of  the 
material  ejected  from  the  target  plate.  Thus,  because  the  actual  PEN4  code  was  not  avaUable  for  this 
investigation,  it  was  later  not  possible  to  compare  these  two  predictive  aspects  of  the  PEN4  fragmentation 
scheme  against  the  predictions  of  the  corresponding  algorithms  within  KAPP-II  and  FATEPEN2. 

Finally,  the  equation  for  residual  velocity  is  based  on  a  plugging  event;  its  usefulness  in  predicting 
debris  cloud  motion  is  therefore  rather  dubious.  While  various  forms  of  the  equation  are  given  in  the 
documentation  (e.g.:  projectile  and  target  plug  travel  together  or  travel  separately;  the  projectile  is  sharp  or 
blunt;  the  projectile  is  deformable  or  rigid),  no  guidance  is  provided  to  the  user  as  to  which  options  are 
likely  to  be  most  valid  in  a  particular  impact  scenario  of  interest.  On  a  more  positive  note,  the  expression 
for  residual  velocity  does  contain  the  ballistic  limit  velocity,  as  well  as  impact  velocity,  as  input  variables. 
If  the  impact  velocity  is  less  than  the  ballistic  limit  velocity,  the  residual  velocity  will  be  an  imaginary 
number,  a  clear  indicator  to  the  user  that  there  is  no  need  to  proceed  any  further  in  the  calculations.  As 
noted  previously,  this  characteristic  is  shared  by  the  corresponding  equation  in  FATEPEN2,  but  not  by 

KAPP-II. 


3.0  FRAGMENTATION  SCHEMES:  QUANTITATIVE  COMPARISONS 
3.1  Introductory  Comments 

The  predictions  of  the  fragmentation  schemes  of  the  three  semi-empirical  codes  were  compared 
with  each  other  by  obtaining  projectile  and  target  material  fragment  characteristics  for  impact  velocities 

ranging  from  1  to  1 5  km/s  with  right  circular  cylinder  projectiles  normally  impacting  flat  target  plates 

without  any  projectile  yaw.  For  each  impact  velocity,  three  projectile  diameter-to-target  plate  thicknesses 
(DfT)  ratios  were  considered:  DfT=0.1,  DfT=l  .0,  and  Dfr-lOO;  and,  for  each  DfT  ratio,  three  projectile 
length-to-diameter  ratios  were  considered:  L/D-0.1,  L/D=1.0,  L/D=10.0.  In  this  manner,  the  codes  were 
used  to  generate  information  for  disk,  compact,  and  long  rod  projectiles  whose  diameters  were  much 
smaller  than,  the  same  size  as,  and  much  larger  than  the  thickness  of  the  target  plate.  In  order 
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use  the  PEN4  equations,  projectile  materials  considered  were  a  high  strength  steel  and  a  generic  aluminum 
while  the  target  material  considered  was  a  generic  aluminum. 

n.e  following  general  observations  were  made  after  examining  the  outputs  obtained  from 
FATEPEN2  and  the  program  written  to  implement  the  PEN4  equations: 

)  Both  PEN4  and  FATEPEN2  agreed  that  none  of  the  aluminum  projectiles  would  perforate  the 
aluminum  targe,  plate  when  D/M.  I;  both  also  agreed  tot  the  steel  projectile  with  L®=10.0  would 
perforate  the  aluminum  targe,  plate  when  D/T=0. 1,  but  only  at  impact  velocities  of  5  km/s  and  above 
However,  rndike  FATEPEN2,  PEN4  also  predicted  to,  to  steel  projectile  with  MM, 0  would  perforated 
to  target  plate  when  D/T=0. 1 ,  but  only  at  speeds  above  7  km/s. 

2)  While  bod,  FATEPEN2  and  PEN4  predicted  to,  both  steel  and  alummum  projectiles  with 
L/D=10.0  would  perforate  the  alummum  target  plate  when  D/T=l  .0,  there  were  numerous  differences 
between  to  predictions  of  FATEPEN2  and  PEN4  with  regard  to  whetor  or  not  both  to  steel  and  to 
aluminum  projectiles  with  L®-0.1  and  MJ-1.0  would  perforate  to  aluminum  huge,  plates  when 

d/t=i.o. 

3)  Bod,  FATEPEN2  and  PEN4  agreed  tot  all  three  Dues  of  to  steel  and  aluminum  projectiles 
would  perforate  the  aluminum  target  plates  when  D/T=10.0 

Based  on  this  information,  i,  would  appear  to,  with  regard  to  perforation  or  no  perforation  of  to 

g  p  tes,  there  was  more  agreement  than  disagreement  between  PEN4  and  FATEPEN2  for  to 
materials  considered. 

3  2  ^r£est  Residual  Projectile  Fragment  Macs 

Figures  1  through  4  show  plots  of  ixm-dimensional  largest  residual  projectile  mass  as  a  inaction  of 
impact  velocity  for  to  al-on-al  impacts  (Figures  1  and  2)  and  the  st-on-al  impacts  (Figures  3  and  4).  A 
cursory  examination  of  these  four  figures  that,  with  to  exception  of  KAPP-II  (with  erosion)  when 
UD-10.0,  all  three  codes  predict  very  small  maximum  residual  projectile  fragments  above  impact 
velocities  of  3  km/s  for  al-on-al  impacts  and  5  km/s  for  st-on-al  impacts.  For  PEN4,  this  is  no  doubt  due  to 
to  to,  to,  to  power-law/power-law  roll-off  boundaries  are  approximately  3  km/s  for  aM-al  impacts 
and  approximately  4.5  km/s  for  st-on-al  impacts.  It  is  also  noted  to,  to  maximum  residual  projectile 
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mass  as  predicted  by  FATEPEN2  when  L/EN10.0  decreases  at  a  slower  rate  than  the  other  projectile/target 

combinations,  but  eventually  does  drop  to  a  very  small  value. 

The  predictions  of  KAPP-II  are  interesting  in  that  if  projectile  erosion  is  considered  when 
L/D=10.0  and  D/T=10.0,  then  KAPP-II  predicts  that  the  (relatively  massive)  projectile  passes  through  the 
(relatively  thin)  target  plate  relatively  unscathed.  This  also  appears  to  be  true  when  L/D  10.0  and 
D/T=1.0,  although  to  a  somewhat  lesser  degree.  However,  if  projectile  erosion  is  ignored,  then  the 
predictions  of  KAPP-II  are  of  the  same  order  as  those  of  PENA  Unfortunately,  knowing  the  amount  of 
erosion  a  priori  is  impossible,  and  the  user  is  given  no  guidance  by  the  KAPP-II  documentation  as  to  when 
to  consider  projectile  erosion  and  when  to  ignore  it.  Common  sense  would  appear  to  dictate  that  when  a 
long  rod  (i.e.,  L/D=10.0)  impacts  a  relatively  thin  (i.e.,  DAT=10.0)  target  plate,  it  should  pass  through 

relatively  unscathed,  especially  at  very  high  impact  velocities  (i.e.,  in  excess  of  10  km/s). 

Closer  examination  of  the  data  generated  by  the  three  codes  does  reveal  some  more  significant 
discrepancies  in  the  predictions  of  largest  residual  projectile  mass.  The  most  senous  of  these  is  that  while 
the  smallest  maximum  residual  fragment  masses  predicted  by  KAPP-II  are  on  the  order  of  0.1%  to  2%  of 
the  initial  projectile  mass,  FATEPEN2  and  PEN4  predict  maximum  residual  projectile  masses  for  similar 
impact  conditions  that  are  on  the  order  of  10'5  times  the  original  projectile  mass.  Thus,  FATEPEN2  and 
PEN4  in  effect  predict  a  more  'thorough'  or  ’complete'  fragmentation  of  the  projectile  than  does  KAPP-II. 

3.3  Projectile  Residual  Velocity 

Figures  5  through  8  and  9  through  14  show  plots  of  non-dimensional  residual  velocity  for  al-on-al 
and  st-on-al  impacts,  respectively.  In  calculating  residual  velocity  using  KAPP-II,  only  the  short  rod  an 
long  rod  equations  were  used  for  L/D=0.1  and  L/D=10.0  projectiles,  respectively.  However,  the 
predictions  of  both  the  long  rod  and  the  short  rod  equations  in  KAPP-II  were  obtained  and  plotted  for 
L/D=1.0  projectiles  (see,  e.g.,  Figure  6).  It  is  anticipated  that  the  actual  residual  velocity  when  L/D=1.0 
according  to  KAPP-II  would  lie  somewhere  between  the  predictions  of  the  short  rod  and  long  rod  equations 
In  addition,  data  from  two  extreme  cases  were  obtained  and  plotted  using  PEN4.  elastic  impact  (e  1) 
inelastic  impact  (e=0).  Again,  it  is  anticipated  that  the  actual  residual  velocity  according  to  PEN4  would 

lie  somewhere  between  the  two  values. 
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As  can  be  seen  in  Figures  5  and  6  (i.e,  al-o„-al  when  D/T-1.0),  the  predictions  of  KAPP-II  and 

FATEPEN2  when  L/D-1.0  and  10.0  are  within  approximately  20%  to  25%  of  each  other  while  the 

predicted  values  of  residual  velocity  according  to  PEN4  when  IVD-1  .0  and  10.0  are  approximately  50%  of 

dtose  predicted  by  KAPP-II  and  FATEPEN2.  When  D/T-1.0  and  IVD-0.I,  the  predictions  of  KAPP-H 

are  of  the  same  order  as  tee  of  PEN4  for  ahm-al  impacts.  In  Figures  7  and  8  (i.e.,  al-on-al  when 

D/T-10.0)  the  predictions  of  residual  velocity  are  significantly  more  uniform  for  the  three  L/D  ratios 

considered,  bu,  especially  for  L/D-10.0  (Figure  7,  top  set  of  curves).  In  addition,  the  values  predicted  by 

PEN4  when  e-0  and  when  e-1  differ  significantly  except  when  D/T-10.0  and  L/D-10.0.  Analogously,  the 

predictions  of  the  KAPP-II  long  rod  and  short  rod  equations  for  L/D-1.0  are  nearly  identical  when 
D/T=10.0. 

Figures  9  through  14  (i.e.,  st-on-al  impacts)  show  the  same  trends  in  the  data  as  those  which  were 
observed  in  theal-on-al  impacts:  fairly  close  agreement  between  KAPP-II  and  FATEPEN2  when  L/D-1.0 
and  10.0  for  D/T- 1 .0  (and  0. 1  as  well);  a  wide  gap  between  the  predictions  of  PEN4  and  those  of 
FATEPEN2  and  KAPP-,1  when  L/D-I .0  and  10.0  for  D/T-1.0  (and  0. 1  as  well);  and,  general  agreement 
among  all  three  codes  when  D/T-10.0,  and  especially  when  L/D-10.0.  Additionally,  significant 
differences  between  long  and  short  rod  predictions  were  found  for  L/D=l  .0;  the  differences  were  relatively 
minor  when  D/T- 1 .0,  and  all  but  disappeared  when  D/T-10.0.  Finally,  in  a  manner  again  similar  to  the  al- 
on-al  impacts,  the  differences  between  the  predictions  of  the  e-0  and  e=l  options  in  PEN4  were  fairly 
significant  except  when  L/D=10.0  and  L/D=10.0 
34  Materials  Fragmentation 

Figures  15,16  and  17,18  show  plots  of  the  number  of  the  number  of  projectile  and  target  fragments 
generated,  respectively,  by  al-on-al  impacts.  Several  features  evident  in  these  four  plots  highlight  some  of 
the  key  differences  in  the  way  KAPP-II  and  FATEPEN2  fragment  the  projectile  and  target  matenals.  As 
noted  previously,  die  available  PEN4  documentation  does  not  provide  for  a  means  of  calculating  die 
number  of  fragments  generated;  hence,  no  comparisons  with  PEN4  were  possible. 

One  characteristic  of  die  KAPP-II  predictions  is  immediately  apparent:  the  equation  for  number  of 
fragments  generated  does  not  distinguish  between  projectile  and  target  material  for  like-on-like  impacts. 
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However,  it  should  be  noted  that  the  individual  fragment  masses  created  will  in  feet  be  different  for  the 
projectile  and  target  matenals  because  of  the  difference  between  the  initial  projectile  mass  and  the  mass  of 
the  target  material  ejected  by  the  impact.  Another  feature  immediately  apparent  from  the  four  sets  of 
curves  is  that  the  number  of  fragments  generated  according  to  the  KAPP-II  equation  is  independent  of  the 
value  of  the  D/T  and  L/D  ratios;  FATEPEN2,  however,  does  allow  for  a  distinction  in  geometry  in 
calculating  the  number  of  fragments  generated.  Naturally,  even  though  the  number  of  fragments  may  be 
the  same  according  to  KAPP-11  for  two  different  values  of  L/D  or  D/T,  the  actual  masses  of  the  fragments 
formed  in  the  two  cases  will  still  be  different  due  to  differences  in  to  total  initial  mass  values. 

With  the  exception  of  Figure  16,  in  which  the  thickness  of  the  target  plate  is  much  smaller  than  the 
diameter  of  the  impacting  projectile,  KAPP-II  predicts  that  a  far  greater  number  of  projectile  and  target 
fragments  will  be  cieated  as  compared  to  the  predictions  of  FATEPEN2.  In  Figure  16,  the  FATEPEN2 
plots  are  terminated  at  impact  velocities  of  7  km/s  and  9  km/s  for  L/D  ratios  of  1.0  and  10.0,  respectively. 
This  is  not  to  say  that  projectile  fragmentation  no  longer  occurred  at  impact  speeds  above  7  and  9  km/s. 
Rather,  at  speeds  in  excess  of  7  and  9  km/s,  FATEPEN2  predicted  that  the  number  of  projectile  fragments 
would  be  on  the  order  of  10«  for  L/D=l.O  and  101«  for  L/D-10.0.  While  these  are  astronomically  high 
numbers,  perhaps  some  credence  may  be  lent  to  them  if  one  considers  that,  with  die  exception  of  die  single 
largest  residual  projectile  fragment,  the  other  projectile  fragments  are  likely  to  be  melted  at  impact 
velocities  above  7  km/s  and  possibly  even  vaporised  at  speed  in  excess  of  10  km/s.  In  light  of  this 
consideration,  die  high  number  of 'fragments'  (droplets?)  predicted  by  FATEPEN2  no  longer  seems 

unreasonable. 

Figures  19-2 1  and  22-24  show  plots  of  the  number  of  the  number  of  projectile  and  target  fragments 
generated,  respectively,  by  st-on-al  impacts.  These  figures  show  some  of  the  same  trends  in  the  data  as 
those  which  were  observed  in  the  al-on-al  impacts:  KAPP-II  predicts  a  far  larger  number  of  projectile  and 
target  fragments  than  does  FATEPEN2  (except  when  DfIMO.O).  and  that  when  DT-10.0,  the  number  of 
fragments  predicted  by  FATEPEN2  become  astronomically  high.  A  major  difference  between  these  plots 
and  the  al-on-al  plots  is  that  when  the  projectile  and  target  materials  are  not  the  same,  KAPP-II  will  in  fact 
predict  a  different  number  of  fragments  created  for  the  projectile  and  for  the  target  matenals. 
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3  5  Debris  Cloud  SnreaH  Anal^ 


Figures  25  and  26  show  plots  of  the  debris  cloud  half  angles  for  the  al-on-al  impacts.  For  the  two 
D/T  values  shown,  the  predictions  of  the  three  codes  are  generally  within  10°  to  15°  of  each  other.  The 
predictions  of  PEN4  approach  their  asymptotic  limit  of  26°  at  impact  speed  of  approximately  9  and  15 
km/s  for  D/T- 1.0  and  10.0,  respectively;  in  both  cases,  the  predictions  of  FATEPEN2  appear  to  approach 
an  asymptotic  limit  of  approximately  32°  at  an  impact  speed  of  approximately  7  km/s.  In  complete 
contrast  to  the  asymptotic  behavior  exhibited  by  both  the  FATEPEN2  and  the  PEN4  predictions,  the 
predictions  of  KAPP-II  appear  to  increase  without  bound  for  DAT=1.0  and  actually  begin  to  decrease 
slightly  for  D/T=10.0  beyond  a  speed  of  approximately  12  km/s. 

While  an  asymptotic  value  of  debris  cloud  spread  may  be  desirable  in  a  lethality  assessment  code 
from  the  standpoint  of  predicting  a  maximum  damage  area  in  subsequent  target  components,  the  behavior 
exhibited  by  the  KAPP-II  predictor  equation  is  probably  more  realistic.  The  reason  for  this,  especially  in 
the  case  of  very  thin  target  plates  (e.g„  D/T=10.0),  is  as  follows.  As  the  impact  velocity  is  increased 
beyond  the  incipient  fragmentation  velocity  of  the  projectile,  the  debris  created  will  naturally  spread  out 
ore  and  more.  However,  at  very  high  impact  speeds,  it  is  logical  to  presume  that  a  projectile  impacting  a 
veiy  thin  target  plate  will  pass  through  the  plate  relatively  unscathed,  which  in  effect  constitutes  a  minimal 
spread  in  the  debris  created.  Hence,  if  a  function  is  to  describe  the  spread  of  the  fragmented  matenal  in 
terms  of  impact  speed,  it  must  be  monotonically  increasing  from  a  value  near  zero  for  low  impact  speeds 
and  it  must  be  near  zero  for  very  high  impact  speeds.  The  only  way  for  this  to  happen  is  if  it  was  to  peak 
at  some  impact  velocity  in  between.  Naturally,  the  velocity  at  which  the  peak  occurs,  as  well  as  the 
velocity  at  which  the  debris  cloud  spread  finally  settles  on  a  near-zero  value,  is  a  function  of  projectile  and 
target  matenal  properties  and  the  geometric  parameters  of  the  system  under  consideration. 

Figures  27  through  29  show  plots  of  the  debris  cloud  half  angles  for  the  st-on-al  impacts.  For  the 
three  DAT  values  considered,  the  predictions  of  the  three  codes  in  this  case  are  generally  more  widespread 
than  in  the  case  of  aluminum  projectiles.  The  predictions  of  PEN4  approach  their  asymptotic  limit  of  26° 
at  impact  speed  of  approximately  1 1,  13,  and  15  km/s  for  DAT=0.1,  1.0,  and  10.0,  respectively;  in  both 
cases,  the  predictions  of  FATEPEN2  appear  to  approach  an  asymptotic  limit  of  approximately  15°  at  an 
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impact  speed  of  approximately  7  km/s.  Once  again,  in  contrast  to  the  asymptotic  behavior  exhibited  by 
both  the  FATEPEN2  and  the  PEN4  predictions,  the  predictions  of  KAPP-II  appear  to  increase  without 
bound  for  D/T=0. 1  and  1.0.  For  D/T=10.0,  there  is  a  marked  decrease  in  debris  could  spread  beyond  an 

impact  velocity  of  approximately  1 1  km/s. 

4.0  SUMMARY 

4.1  General  Comments 

A  parametric  study  of  debris  cloud  material  characterization  was  performed  usmg  the 
fragmentation  schemes  in  the  FATEPEN2,  KAPP-II  (version  1.1),  and  PEN4.vlO  senru-empirical  lethality 
assessment  schemes  over  the  2-16  km/s  impact  velocity  regime  for  a  variety  of  projectile  and  target  mater¬ 
ials  and  configurations.  The  analysis  focused  on  the  characterization  of  the  solid  fragment  population  in  a 
debris  cloud  created  by  a  hypervelocity  impact.  This  included  calculating  the  number  of  projectile  and 
target  material  fragments,  as  well  as  their  sizes,  speeds,  and  trajectories.  In  addition  to  comparing  the 
predictions  of  the  various  fragmentation  models  were  compared  with  one  another,  the  three  fragmentation 
schemes  were  evaluated  for  their  completeness,  their  ease  of  implementation  and  use,  and  the  availability  of 
material  properties  required  for  their  operation. 

4.2  Qualitative  Analysis  Summary 

The  following  is  a  summary  of  the  results  of  the  qualitative  analyses  performed  as  part  of  this 
investigation: 

1)  The  FATEPEN2  documentation  is  difficult  to  understand;  the  fragmentation  equations  are 
almost  impossible  to  implement  and  use  without  the  actual  source  code.  The  PEN4  and  KAPP-II 
documentations  are  easy  to  follow  and  the  equations  are  relatively  easy  to  implement,  although  some  errors 

and  omissions  were  observed  in  the  PEN4  documentation. 

2)  The  FATEPEN2  and  PEN4  documentations  are  diligent  about  stating  the  limitations  of  the 

respective  codes  and  the  equations  contained  therein;  the  KAPP-II  documentation  is  often  negltgent  in  this 
obligation  to  its  users. 

3)  Both  KAPP-II  and  PEN 4  provide  actual  distributions  of  the  fragment  masses  created  while 
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FATEPEN2  does  not.  While  this  is  not  a  cntical  flaw  on  the  pan  of  FATEPEN2,  the  other  two  codes  do 
present  a  more  complete  picture  of  the  fragmentation  process. 

4)  While  the  equations  within  FATEPEN2  take  into  account  the  effects  of  the  D/T  and  L/D  rat, os 
in  determining  the  number  of  resulting  fragments,  those  in  KAPP-II  do  not.  Ultimately,  a  few  well- 
mstmmented  tests  will  be  needed  to  decide  whether  or  not  this  a  problem  with  KAPP-II  or  just  a  bonus 
provided  by  FATEPEN2.  In  addition,  one  of  the  material  parameters  required  by  KAPP-II  is  a  non¬ 
standard  property.  Hence,  applying  the  KAPP-II  fragmentation  equation  to  materials  not  presently  in  its 
material  library  is  impossible. 

5)  The  FATEPEN2  algorithm  for  calculating  the  largest  residual  projectile  mass  is  very 
sophisticated,  while  the  KAPP-II  algorithm  is  rudimentary  in  nature.  Since  die  correspondmg  PEN4 
algorithm  is  purely  empirical,  it  may  be  argued  that  it  is  simplistic. 

6)  While  both  KAPP-II  and  FATEPEN2  provide  sample  problems  as  part  of  their  documentation, 
PEN4  does  not.  This  makes  it  difficult  for  first-, ime  users  of  PEN4  to  know  whether  or  no.  they  are 
interpreting  the  subtleties  of  the  code  properly  and  using  i,  correctly. 

7)  No  guidance  is  given  in  the  KAPP-II  and  PEN4  documentations  regarding  some  of  the  subtleties 
in  their  equations,  such  as  whether  to  use  the  long  rod  or  short  rod  equations  in  KAPP-II  when  L/D-1.0 
and  when  to  assume  an  elastic  impact  and  when  to  assume  a  plastic  impact  in  PEN4.  This  makes  it 

difficult  to  use  to  equations  in  which  these  subtleties  occur  as  predtctive  tools  without  several  iterative  tuns. 
4  3  Quantitative  Analysis  Summary 

The  following  is  a  summaiy  of  the  results  of  die  quantitative  analyses  performed  as  part  of  this 
investigation: 

1)  Perforation  Resistance  -  There  was  general  agreement  between  PEN4  and  FATEPEN2  with 

regard  to  whether  or  not  the  aluminum  target  plate  was  perforated  by  the  impacting  steel  and  aluminum 
projectiles. 

2)  Largest  Residual  Projectile  Mi—  -  With  die  exception  of  KAPP-II  when  L/D=10.0  for 
D/T=10.0  and  when  projectile  erosion  was  included,  there  was  general  agreement  between  the  three  codes 
in  predicting  die  mass  of  the  largest  residual  projectile  fragment  relative  to  the  mass  of  the  original 
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projectile.  Except  as  noted,  all  three  codes  predicted  very  small  maximum  residual  fragments  for  impact 
velocities  greater  than  approximately  5  km/s.  For  the  conditions  noted,  the  KAPP-II  equations  predicted 

that  the  projectile  would  pass  through  the  target  plate  relatively  unscathed. 

3)  Residual  Projectile  Velocity  -  KAPP-II  and  FATEPEN2  agreed  within  20%-25%  for  compact 
and  long  rod  projectiles  impacting  moderately  thick  plates;  all  three  codes  were  in  close  agreement  (i.e.,  less 

than  10%)  for  very  thin  target  plates. 

4)  Fragmentation  -  Except  for  the  impact  of  very  thin  plates,  KAPP-II  predicted  that 
significantly  more  fragments  would  be  generated  than  did  FATEPEN2  (i.e.,  by  several  orders  of 
magnitude).  For  very  thin  plates,  the  opposite  occurred:  FATEPEN2  predicted  that  a  tremendously  high 
number  of  fragments  would  be  generated.  The  numbers  predicted  by  FATEPEN2  in  such  cases  exceeded 

those  predicted  by  KAPP-II  by  several  tens  of  orders  of  magnitude. 

5)  Debris  Cloud  Spread  -  All  three  codes  agreed  in  their  prediction  of  debris  cloud  spread  within 
10°  to  15°  for  the  al-on-al  impacts.  However,  the  differences  grew  to  20°  to  25°  for  the  st-on-al  impacts. 
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RESIDUAL  PROJECTILE  MASS 
AL->AL,  D/T=1.0,  L/D  =  1.0  &  10.0 
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FIGURE  2 

RESIDUAL  PROJECTILE  MASS 
AL-->  AL,  D/T  =  10.0 
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FIGURE  3 

RESIDUAL  PROJECTILE  MASS 
ST—  >  AL,  D/T  =1.0 
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'*'■  FTPN-2,  L/D  =  1 .0 
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Abstract 


and  thC  raJOr  r  ""  ‘°  deVe'°P  “d  SlUd,  Sie”al  ^"ithms  for  estimation 

and  detect, on  of  parameters  useful  for  localization  and  identification  of  targets  Electronic  Warfare  (EW) 

environment.  Two  algorithms  for  improved  estimation  of  Angles-of-Arrival  fAOAl  and  d’  f 

(RF)  were  considered.  (  }  radl°  frequencles 

AOaZV*  7“  COntr'bU“0nS  °f  ‘hiS  W”k  “  the  deVelOPment  °f  “  -  W  for  estimating 

(MNM)  for  high  “T  ':gen^COn’P“lt,°"  ot  ■Native  optimization.  Presently,  the  Minimum-Norm  method 
l“!“  r  ,  h  ^6,eS-°f-A"iVal  (A°A»  *“>  on  special-purpose  hardware  or  soft- 

1 z : h,s  :r  thr tha  dpt  °f  ,he  ao  maim  <™c>  — y 

DPT- “c  11"  S  ;Sna  “nd  ”0i“  SUbSPa“S-  FUlth"mMa'  —  lha  Part  of  the 

p™  *h'  MNM  ftameW”k'  -irresolution  AOA  estimates  are 

Next,  a  Maximum-Likelihood  Estimator  (MLE)  that  ensures  uni,  circle  frequencies  is  presented  A 

es“  mab  T  ““  aPPr°ad'  <KiSS-‘QML)  C°"V"t5  estimation  problem  into  a  problem  of 

the  root!  of  ritirT"^  t0°tS  ““ the  deSired  f"qUe”C'K  [5’  30 ' 31  ■  55).  Theoretically, 
ma  6  P°  yn°mial  should  fal1  ri8ht  the  unit  circle.  But  KiSS-IQML,  as  originally 

at  j^rjrrrr This  drawback  s°metimes  causes  merged 

incorporated  the  „  t  ,  “  COnditi°nS  **  ““  ■""*  **  ™ 

structure  A  „ov  1  I  ''0  h"0""  ^  n°n'ine"  “d  “  *“  **•*  weighted-quadratic 

1,  ord  aPP  “  ,nt'°dUCed  "  thiS  ,eP°r*’  Wh're  the  “*  ““‘raints  are  .mposed  on  each  of 

2™Z^ireSP0T:° indiVidUaI  The  ““  «  «PP'«  ^ring  optimization 

totheth  t'  In  qUenCJ  n  absence  of  any  merged  frequency  estimates,  the  RMS  values  approach  closer 
to  the  theoretical  Cramer-Rao  (CR)  bounds  at  low  SNR  ievels. 
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DIGITAL  SIGNAL  PROCESSING 


Algorithms  for  Digital  EW  Receivers 


Arnab  K.  Shaw 


I  :  INTRODUCTION 

Digital  processing  of  microwave  signals  in  Electronic  Warfare  (EW)  environment  poses  a  great  challenge 
to  researchers  in  Signal  Processing.  EW  receivers  are  used  for  passive  localization  and  identification  of 
target  radars.  All  microwave  receivers  used  in  practice  utilize  analog  signal  processing  techniques  [49,  65-68], 
The  frequency-band  of  the  EW  signals  are  in  the  GHz  range  and  the  signals  have  wide  bandwidths  which 
necessitate  sampling  and  processing  of  a  massive  amount  of  data  at  or  near  real-time.  No  presently  existing 
EW  receiver  process  microwave  radar  signals  entirely  in  the  digital  domain.  But  it  is  expected  that 
emergence  of  increasingly  faster  and  inexpensive  digital  computers  and  high-speed  A/D  converters,  digital 
processing  of  microwave  signals  would  most  certainly  be  the  way  of  the  future. 

The  Electronic  Support  Measures  (ESM)  group  at  the  Avionics  Directorate,  WPAFB,  Ohio,  has  been 
engaged  in  researching  the  digital  microwave  receive,  design  problem  for  the  past  few  years.  Their  work 
has  resulted  in  many  patents  and  important  publications  [37,  49,  65-68],  The  proposal  author  had  the 
opportunity  to  collaborate  with  the  rtsearchers  of  the  ESM  group  a.  a  summer  research  faculty  in  Junes 
August  1992  and  also  during  the  period  covered  by  the  present  Research  Initiation  Project.  The  major 
goals  of  the  summer  research  were  to  develop  and  implement  Digital  Signal  processing  algorithms  in  order  to 
study  their  effectiveness  and  usefulness  to  the  existing  Digital  Receive,  Program.  The  following  algorithms 

have  been  studied  : 

.  Time-Domain  Detect, on  of  target,  in  f  he  presence  of  no.se  :  The  time-domain  detection  problem  has 
been  considered  for  single  and  multiple  samples.  Detection  thresholds  and  Probability  of  Detection 
based  on  Neyman- Pearson  Criterion  have  been  derived  and  coded. 

.  Adapt, oe  Frequency /AOA  est.mat.o,  :  The  effectiveness  of  the  Direct-Adaptive-Frequenc, -Estimation 
(DAFE)  algorithm  [5]  has  been  studied  for  realistic  signal/noise  conditions.  Some  modifications  of 
DAFE  have  also  been  incorporated  for  improving  its  performance. 

•  Prony’s  Algorithm  :  This  well-known  algorithm’s  effectiveness  was  studied  with  signals  obtained  after 
passing  through  a  hard-limiter  (to  avoid  A/D  saturation)  and  quantizer. 

•  Minimum  Norm  Method  Without  Eigendecomposition  :  One  of  the  major  contributions  of  this  work 
is  the  development  of  an  efficient  method  for  estimating  AOA/RF  without  any  eigendecomposition  or 
iterative  optimization.  It  is  shown  in  this  report  that  the  DFT  of  the  AC  matrix  (DFT-of-AC)  essentially 
performs  the  task  of  separating  the  signal  and  noise  subspaces.  Furthermore,  when  the  signal-subspace 
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prolix  DFT~°f'AC  VeCtOTS  ^  USGd  in  MNM’  almost  identical  high-resolution  AOA  estimates  are 

*  ^  Meih°d  WM  Constraints  :  A  recently  proposed  class  of  Maximum  Likeli- 

of  od  algorithms  (MLE),  referred  to  as  KiSS/IQML,  estimate  the  frequencies  or  AOAs  from  the  roots 

as  d  5'  30>  31>  55]  BUt  thC  eStimat6d  r°0tS  are  not  guaranteed  to  fall  on  the  unit  circle 

here  That  ‘  7  ^  ^  ^  °f  P°lyn°mials  a  ^P-ach  is  proposed 

here  that  will  ensure  unit  circle  roots. 

Details  of  the  fat  thtee  topics  ate  included  i„  the  final  report  submitted  a,  completion  of  the  summer 

rr  T  “  t0b"  1992‘  thiS  reP0It'  lhe  “  **  -  topics  wiU  he  given  TZ 

her  work  on  all  these  topics  has  been  conducted  and  the  focal  point  at  WPAFB  Dr  James  B  Y  Tsu 
has  been  briefed  period, rally  on  the  progress  of  our  research.  ' 

SomeTohfT'P“rf r"eS'Ch  l°  C°mplem“l  “d  “ntinne  the  work  initiated  in  summer 

llm  T  f"  tUS  Pr°JeC‘  ”  P'™  —■  -  have  also  developed  new  ah 

work  presented  Z  7“  ^  ^  **"  *«•  *■*"«. .  *.  theoretical 

in,  a.  ,  .  e  m°re  Se”'al  “,UM  and  sh“uld  “'so  find  wide,  applications.  We  hope  that  the 

irr ; ,  ;  proposed  Meatch'  is  -  ^  •*—*  ~6 .jttz 

a  largest  “I ^  ^  ^  ^  ***  ^  *» 

p,e  „  I  ““"n<‘te  °f  b""di”8  *  d"*a'  ""-wave  receive,  prototype,  is 

P  y  eing  conducted  with  support  from  the  AFOSR. 


I-l  :  The  Digital  Microwave  Receiver  Design  Problem 


radar  type  Basl  T"  feCeiVer  “  t0  ^  ***  ^  SOrtinS  °f  “d  identifying  the 

order  t  7  1  Jamm“S'  »-«“Pon  delivery  other  decisions  are  considered  In 

per  orm  these  tasks,  the  receive,  must  analyse  the  received  radar  pulses  and  measure  or  estimate  the 

following  six  parameters  :  Angle-of-Arrrv.l  (AOA),  Radio  Frequency  (RF)  Time  of  Arrival  TOaTp 

Amplitude  (PA),  Pulse  Width  (PW)  and  Polarisation  (PI  Th  ‘ 

.  .  V  '  Ol, anzat: ion  (P).  These  parameters  may  be  useful  in  more  than  nnp 

ages  o  receiver  operation.  For  example,  AOA  RF  TOA  PW  and  P  1  '  f 

tttTZ  r  t  pw  ,nd  p  are  MiiM  for  s°’urce  ;;  11“ 

Ihese  parameters  ^  F°“*  ” —  «»r  “U 

Unlike  most  conventional  radars  the  EW  receiver  design  nmKl  • 
knowledge  about  thP  i  *  ■  ,  •  S  Problem  is  complicated  by  the  fact  that  no 

measurements0  and^d  T  ‘I  “  ‘°  ““  ^  p»d‘-  -  .ha, 

(49  65  71  ,0"S  !  'diatdy  “  Witti”  "  -  -Mr  Passive  mode 

[49,  65  68  .  Furthermore,  m  order  to  reduce  search  time  and  the  consequent  response  time  the  processing 

a“  Z‘at  :  “  Wid7  POSSib‘"  “  iS  d—  *»  — ty  and  large" 

range  such  that  a  broad  range  of  signals,  including  weak  ones,  can  be  detected. 


31-4 


1.2  :  Background  and  Motivation 

In  the  past  two  decades,  many  classes  of  radar  and  sonar  receivers  have  been  converted  from  conventional 
analog  technology  to  purely  digital  or  hybrid  systems  [24],  but  EW  receivers  are  yet  to  make  such  a  transition. 
The  primary  technological  factors  that  have  been  holding  back  possible  fabrication  of  any  digital  EW  receiver 
are  probably  twofold.  Firstly,  if  Analog-to-Digital  (A/D)  converters  are  to  be  used  at  the  operating  frequency 
range,  then  the  Nyquist  rate  would  necessitate  sampling  at  the  GHZ  range  and  secondly,  the  digital  hardware 
or  firmware  must  have  the  capacity  to  process  such  high  data  rate  and  produce  effective  results  at  or  near 
real-time.  But  even  though  the  carrier  frequencies  are  in  the  GHz  range,  the  bandwidths  of  the  useful 
signals  are  only  in  the  10s  of  MHz.  Hence,  an  obvious  compromise  in  such  a  situation  would  be  to  down- 
convert  the  original  signal  to  an  intermediate  frequency  (IF)  band  before  sampling.  Down-conversion  or 
superheterodyning  is  also  quite  common  in  analog  microwave  receivers  because  it  is  much  easier  to  design 
accurate  IF  amplifiers  and  filters  having  fixed  and  predetermined  bandwidths  [49,  65-67],  Frequency  down- 
conversion  may  cause  image  signals  at  the  IF  band  and  standard  cures  used  in  analog  superheterodyne 
receivers,  such  as  the  use  of  I  and  Q  channels  and  image  suppression  filters  can  be  utilized  to  reduce  these 
effects.  Furthermore,  multirate  sampling/processing  or  sub-band  coding  may  also  be  useful  to  avoid  high 

sampling  rate. 

Digital  EW  receivers  can  be  expected  to  offer  some  major  advantages  over  their  analog  counterparts. 
Foremost  among  these  is  the  almost  lossless  storage  capability  of  digital  memories  which  can  eliminate  the 
dependence  on  lossy  analog  delay  lines.  Digital  processors  and  memory  chips  are  relatively  inexpensive, 
compact  in  size  and  low  in  weight  and  the  trends  are  towards  even  further  reductions.  Digital  signal 
processing  algorithms  and  digital  computing  technology  have  matured  tremendously  and  offer  a  wide  range  of 
capabilities.  Parallel  processing,  pipelining,  RISC,  VLSI  design,  systolic  architecture,  vectorization  and  array 
processing,  fault  tolerant  computing  and  etc.,  are  only  some  of  the  well-known  aspects  of  digital  computing 
that  the  last  few  decades  of  research  have  produced.  As  our  research  progresses,  we  intend  to  study  if  some 
of  these  ideas  can  be  incorporated  in  the  digital  receiver  in  order  to  improve  the  efficiency  and  accuracy  of 

its  performance. 

A  broad  range  of  digital  signal  processing  algorithms  are  already  available  for  detection  as  well  as  for 
parametric  and  non-parametric  estimation  from  observed  data  [13,  17,  24,  48].  These  techniques  are  based 
on  well-established  theory  on  random  processes  and  applied  linear  algebra.  Among  the  six  parameters  noted 
above,  the  AOA  and  frequency  information  are  probably  the  most  important  ones  for  sorting,  identification 
and  jamming  and  a  rich  body  of  literature  is  available  for  high-resolution  AOA  and  frequency  estimation 

[1-13,  15-35,  37-48,  50-65,  69-79]. 

Much  of  the  results  on  AOA/frequency  estimation  appearing  in  signal  processing  literature  have  been 
developed  for  sonar  and  low-frequency  radar  applications.  These  mathematical  and  statistical  theories  are 
mostly  valid  for  the  EW  scenario.  But  considering  the  high  data-rate  in  the  present  application,  computation¬ 
ally  simpler  algorithms  must  be  developed.  One  of  the  major  contributions  of  this  work  is  the  development 
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of  an  efficient  method  foe  elating  AOA/RF  without  any  ^decomposition  on  ntenatnve  optimisation, 
1.3  .  Historical  Perspective  on  the  Research  on  AOA/Fiequency  Estimation 

“d  ta<"°  P°Se  th'  <>f  the  non- 

.  nature  of  the  op.,m,at,on  problem.  An  adaptive  estimation  scheme  deveioped  in  (I01  is  attractive 

because  of its  computatnona,  simplicity  ss  w.„  as  its  neai-time  adaptnve  capabiinties  As  pan,  of  1“ 

orme  Is  summer,  it  has  been  demonstrated  that  the  use  of  higher  estimation  model  order  than  the 
actua,  order  impmves  the  bias  and  variance  of  the  estimates  a,  th,  cost  of  somewhat  fcj 2^ 

meth  d  f  M  Pt°JeCt'  “  effldent  aPPr“Ch  f°rmi”g  SiSnal  SUb5P,Ce  is  “"“'‘O''-1  “d  an  accurate 

method  for  Maximum  Likelihood  estimation  of  fluencies  is  presented. 

has  b^n lh'  Estimation  problem  which 

the  1“  h  J  d  A'''  m,ny  ““  °f  SCK”Ce'  ’”d“d’  *  ‘he  <-  “uple  of  hundred  years, 

-arch  for  hidden  periodicity'  from  observed  data  has  appeared  in  varied  form,  in  several  seemingly 

differing  disciplines  of  science.  To  appreciate  the  sustained  appea,  of  this  prob.em  to  researchels  Z  ^ 
wo  cen  uries,  consider  that  as  far  back  as  in  1795,  Prony  proposed  a  simple  procedure  to  estimate 
parameters  of  a  multiple  sinusoids  model  of  an  observation  record  [16  441  But  ev  •  , 

processing  literature,  useful  modifications  of  Peony's  work  for  noisy  data  am  being  reporteZT  72“ 
undred  years  foi.owing  Peony's  work,  Schuste,  had  introduced  the  idea  of  pe  ,„Zam  m  Z  h 
determining  the  periodicities  of  meteorologica,  phenomenon  [43). 

“r:: 

requency/AOA  estimation  in  a  variety  of  important  applications  The 

telescotrr  S  T,1  h“  al5°  b"“  USe<i  "  r*di°  f<>t  “*-«  d*“  — -  «  .  finite  aperture 

telescope  to  resolve  the  locations  of  closely  spaced  stars  f4l  Tt  u  j  P 

c  ,  ,  .  yp aceast, ars  [4J.  It  also  has  wide  applications  in  geophysics  radar 

I.3.a  :  The  Resolution  Limitation  of  the  Periodogram 

Eve,  since  its  discovery  in  1965,  the  FFT  has  been  the  primary  tool  for  estimating  Angles  of  Arrival 

““  f'0m  d-  software  o,  hardwl  imptll 

used  method  f  f  ^  y  *traisht~forward-  To  date>  the  periodogram  continues  to  be  the  most  frequently 
used  method  for  frequency/AOA  estimation  [40,  46],  In  fact  it  is  w.n  t  +u  .  f  ,  .  .  Y 

'x*+i  >  *s  well  known  that  for  localizing  a  single 

—  « — -  - 

whirh  ttrm  ,  .  ,  ,  Ple  targets’  periodogram  cannot  resolve  two  frequencies 

2 I  th:  th'  bm‘W,dth  ”f  thC  FFT' f“'  *"  **  —  -  spaced  a,  LZ 
a  single  freo  ,  ^  ^  *°  ^  *P-d  frequencies  and  only  provides 

S  q  ^  eSt‘mi“e  mS‘ead  °f  — —  Mr  Portrays  the  problem  one  faces  while 
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resolving  two  closely  spaced  sinusoids  when  a  relatively  short  data  record  is  .variable.  Clearly,  if  an,  amount 
of  data  is  available  for  processing,  the  penodogram  of  sufficiently  sero-p.dded  data  will  provide  reasonably 
good  estimates.  But  in  man,  problems  of  practrcal  .merest  only  short  data  record  is  available  and  one  has 
to  overcome  the  perrodogram's  resolution  limitation  by  resorting  to  what  are  commonly  known  m  the  s.gna 
processing  literature  as  -High-Resolution’  o,  'Superresolution’  techniques.  The  major  cont,. buttons  in  t  e 
higher  resolution  approaches  are  highlighted  next. 


1.3. b  :  High-Resolution  Methods 

A  multitude  of  AO  A/Frequency  Estimation  algorithms,  their  variations  and  analysis  are  available  m  the 
literature  [1-13, 15-35,  37-48,  50-65,  69-79],  In  the  following  paragraphs  only  some  of  the  major  developments 

are  briefly  discussed. 

M.n.ne.n,  Variance  Method  :  In  order  to  improve  upon  Perrodogram’s  resolutron  limit,  Capon  had  proposed 
this  linear  estimator  which  minimizes  the  interference  at  frequencies  outside  the  band  of  1  merest  [9].  Its 
performance  has  been  shown  to  be  better  than  the  periodogram  estimator  but  worse  than  the  modelmg 

based  estimators  [34]. 

Model-Based  Method,  :  A  major  motivation  fo,  many  modern  high-resolution  frequency  estimation  methods 
has  come  from  the  desire  to  achieve  mo,,  exact  models  fo,  the  sinusoids-in-noise  data.  In  the  Parameter 
Estimation  area  in  the  theory  of  Statistics,  it  had  been  well  established  that  AutoR.g.e»ive  (AR)  modelmg 
is  very  appropriate  for  modeling  data  with  peak,  spectra.  But  in  the  frequency  estimatron  field  also, 
it  had  been  a  common  knowledge  that  data  composed  of  sinusoids  in  noise  tend  to  have  peaky  spectra. 
Consequently,  frequency  estimation  based  on  AR-modeling  has  received  considerable  attentron  [7,  8,  18,  23, 


35,  38,  44,  48,  72,  73]. 

Depending  on  how  the  autocorrelation  values  are  estimated,  there  are  three  types  of  AR  parameter 
estimation  methods,  namely,  Autocorrelation  method  [35],  Covariance  method  [35],  and  Modified  Covariance 
method  (also  known  as  the  Forward-Backward  method)  [38,  73],  The  later  two  cases  are  more  appropriate 
for  sinusoidal  processes  because  of  their  implicit  relationship  with  Prony’s  method  which  provides  perfect 
frequency  estimates  when  no  noise  is  present.  Incidentally,  the  Maximum  Entropy  method  proposed  by  Burg 
[7,  8]  and  the  Linear  Prediction  based  spectral  estimator  [35],  both  produce  essentially  identical  frequency 

estimates  as  the  Covariance  method. 

When  p  sinusoids  are  present  and  a  pth  order  AR  model  is  used,  the  frequency  estimates  are  found  to  be 
poor  at  low  SNR  (<  30 dB).  To  circumvent  this  hurdle,  larger  order  (L  >  p)  AR  model  has  been  proposed 
[28,  72],  The  larger  model  order  tends  to  accommodate  a  major  part  of  the  interfering  noise  and  thereby 
reduces  the  effect  of  noise  in  the  estimates.  The  larger-order  approach  performs  poorly  below  20dB  SNR 


[28]- 

Eigen-Analysis  of  the  Auto-Correlation  Main,  of  Sinus0ld-in-Norse  Data  :  Since  the  mid-to-late  seventies 
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a  whole  new  class  of  ,lg„tilhms  being  developed  fcy  ^  ^  ^  ^ 

e  aU  ocorre  ation  matrix  of  the  smusoids-in-noise  data.  For  N  =  p  +  1,  the  eigendecomposition  of  C  was 

cor‘  .  '  “  [42'  Wh°  Sh°W'd  'hat  the  with  elements  of  the  elector 

pon  ing  o  t  e  smallest  eigenvalue  has  roots  at  the  signal  frequencies.  Though  the  idea  is  elegant 

jarenlm  s  method  performs  quit,  poorly  for  no.sy  signals.  Pisarenko's  approach  was  l„e,  improved  upon' 
by  Kumaresan  [28,  where,  for  hf  >  p  =»,,  the  noise  eigenvectors  had  been  utilised.  As  an  a  terna 
approach,  „  was  shown  in  [28,  29,  ,ha,  ,h.  sig„u,  suhspace  e.genvectors  can  also  he  utilised  form  a  2 
pace  vec  or  w  ich  should  have  zeros  at  the  signal  frequency  locations.  This  was  achieved  in  [28  29  45] 
by  forming  a  Mimmum-Norm  criterion  which  is  the  framework  that  will  he  need  the  peopled  w^ 

and  Kop ,T  77,  ‘mP™  ^  S'“*  '5»'  -  “envenne 

of  C  and  „ld  Pr0T  ”  ‘he  e‘S~  “"^"d'»*  *>  *■“  (i-rt  -.Her  eigenvalues 

n  or  ogona  ity  criterion  to  obtain  the  frequency  estimates.  In  the  literature  this  approach 
is  known  as  the  ‘MUSIC’  method.  approach 

It  may  be  pertinent  to  emphasize  here  that  the  approach  proposed  in  this  work  for  extracting  signal 

f  186  T  TnaCe  Wlth°Ut  eigendecomPoslti°n’  may  be  combined  with  either  the  MNM  or  the  MUSIC 
ramewor  ^  he  MNM  framework  has  been  preferred  in  developing  the  DFT-based  MNM  (D-MNM)  because 

ITh!  7m'N°'m  meth°d'  lh'  ^  from  the  polynomial  J.  oZ 

a‘“  "  “*d  ^  -  -  -  -  .-polynomial 

Mextmum  Ltkehhooi  Method  :  This  class  of  algorithms  maximize  the  likelihood  function  for  the  observed 
•ta,  leading  to  optimization  of  a  non-l.near  criterion  which  can  only  he  performed  iteratively  Zl 
event  approaches  are  available  in  the  literature  (5,  30-32.  46,  47,  54-56,  61,  78]  and  among  these  the 
Constrained  MLE  approach  described  in  this  report  appears  offer  the  most  accurate  results  [61], 

“7  MZ  T  'mt0T,ma  0,tit  Pr°P°Sei  :  M  liSW  th«  es,  there  are  a  large  number 

the  I  d  h  h  f  th'  hiEh'reS°"“i0“  Fre1uency/frCA  estimation  problems.  order  to  achieve 

Jr  !:;*  *“  *-  »**"  —  ofeigenanalysis  or  non-linear 

z  t.on,  both  of  which  are  computationally  intensive  fo,  real-time  applications.  Among  the  two  high 

methods^  ^  "POtt'  ‘he  meU“d  "  “»  ‘be  existing  Eigen-hased 

methods  whereas  the  second  provides  the  most  accurate  frequency  estimates 
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II  :  High-Resolution  Angle  of 
Eigendecomposition 


Arrival  (AO  A)  Estimation  Without 


II.  1  :  Introduction 

The  Fast  Fourier  Transform  (FFT)  is  an  efficient  technique  for  calculating  Discrete  Fourier  Transform 
(DFT)  at  uniformly  spaced  bins.  In  many  important  practical  applications,  such  as  radar,  sonar  and  as¬ 
tronomy  etc.,  the  resolution  capability  of  FFT  is  inadequate.  Overcoming  the  resolution  limitation  of  DFT 
has  been  a  vigorously  researched  topic  in  Signal  Processing  in  the  past  three  decades.  The  modern  methods 
attain  the  desired  ‘High- Resolution’  or  ‘Superresolution’  at  the  cost  of  steep  computational  burden.  The 
existing  well-known  methods  utilize  Eigen-Decomposition  (ED),  Singular  Value  Decomposition  (SVD)  or 
Maximum  Likelihood  (ML)  computation  or  nonlinear  optimization.  These  algorithms  can  only  be  imple¬ 
mented  iteratively  which  limits  their  real-time  capabilities. 

The  primary  objective  for  this  part  of  the  project  is  to  study  whether  the  computational  simplicity 
of  DFT  can  be  effectively  combined  with  the  underlying  mathematical  framework  of  high  resolution  me 
ods.  The  desired  goal  is  to  achieve  high-resolution  without  any  iterative  optimization.  Specifically,  some 
well-known  existing  approaches,  such  as  the  Minimum-Norm  method  (MNM),  extract  the  signal  and  noise 
subspace  information  from  the  eigenvectors  of  the  Autocorrelation  (AC)  matrices.  It  is  shown  that  the  DFT 
of  the  AC-matrix  (DFT-of-AC)  essentially  performs  an  equivalent  task  of  extracting  and  decoupling  the 
signal  and  noise  subspace  information.  Hence,  it  is  proposed  that  the  signal  eigenvectors  be  replaced  by  the 
largest-norm  DFT-of-AC  vectors.  It  is  demonstrated  that  when  the  DFT-of-AC  vectors  with  larger  norms 
are  used  in  the  MNM  framework,  mostly  better  or  almost  equivalent  high-resolution  AOA  estimates  are  pro¬ 
duced.  The  bias,  mean-squared  error  and  the  root  locations  of  the  proposed  DFT-based-MNM  (D  MNM) 
compare  well  with  the  Eigendecomposition-based  MNM  (E-MNM).  The  simulations  further  show  that  the 
performance  of  the  D-MNM  is  more  robust  at  low  SNR  and  it  has  superior  dynamic  range.  The  major  signif¬ 
icance  of  the  proposed  work  is  that,  no  complicated  iterative  optimization  is  needed  and  the  signal-subspace 
information  is  extracted  only  by  a  single  matrix  multiplication.  Hence,  hardware  implementation  of  D-MNM 
for  real-time  high-resolution  AOA/Frequency  estimation  may  be  feasible  with  currently  available  technology. 

II. 2  :  Problem  Definition 

This  part  of  the  project  addresses  the  problem  of  estimating  of  the  Angles  of  Arrival  (AOA)  of  densely 
spaced  narrowband  targets.  Suppose  that  p  plane  waves  originating  from  far-field  point  sources  at  distinct 
directions  impinge  on  a  linear  array  of  N  equally  spaced  sensors.  The  signal  sampled  simultaneously  at  m* 
instant  of  time  at  N  equally  spaced  sensors  form  a  ‘snapshot’  vector  defined  as, 

xm  A  [*m(0)  xm(l)  ...  xm(N-  l)f.  (/L1) 

In  the  presence  of  noise,  the  observation  samples  can  be  written  as, 

Hm(ii)  =  xm{n)  +  zm(n) 
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“ noise  “d/ot  the  moddi"g  -  mj  d—  - 


F 

xm(n)  =  Y  Am(i)ej ~  ^)sintf,  +  j</,m(i) 


n  =  0,l,...,iV-l 


(77.3) 


where, 


P  ■  Number  of  narrowband  sources  present 

d  ■  Spacing  between  sensor  elements 

A  :  Wavelength  of  radiation  of  the  received  signals 

0.  :  Angles-of- Arrival  (AOA)  of  the  ith  source 

Am(l)  :  AmPlitude  of  the  ith  source  at  the  mth  snapshot 

K{i)  :  Phase  angle  of  the  ith  source  at  the  mth  snapshot, 

Uniformly  distributed  between  -n  and  tt. 

2”  t!  2” ‘"Vs  7^  l°  b‘  Zer°‘me“  ““  With  the  “0  it  ha, 

*’  he  Slgnal  model  can  be  written  in  a  more  succinct  form  as, 


a  variance 


F 

xm(n)  =  y  AtmejL 


(IIA) 


where,  w,-  and  Atm  are  defined  as 


a 

Ui  A  —  Sin0,'  and 


=  A— '  and  (J/.5) 

Aim  A  Am(i)e~j  *  ) 

—  '  (77.6) 

Further  details  about  the  above  model  may  be  found  in  1131  With  f hp  K  r  .  • 

observation  matrix  can  be  written  as,  rm"'a“°n  m°dd  f“  the 


X  A  TA 


where. 


(77.7) 


r  1  1 

T  A  e]Wl  Fu* 

ejwi(N-l)  eju2{N-\) 

t  *2  •  •  •  tp], 

A  A  [ai  a2  ...  a.M]  and 


am  A 


ejoJr(N-\) 


for  m  =  1,2, . . .,  A7. 


(77.8) 


(77.9) 

(77.10) 


(II.  11) 
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For  half  wavelength  spacing  between  two  successive  sensors  of  the  line  array,  «,•  w  sin  0t .  W  ith  M 
snapshot  vectors  defined  in  (77.2),  the  N  x  M  observation  matrix  X  is  formed  as, 

X  A  [xi  x2  ...  xM]-  (/7-12) 


Using  the  observation  matrix,  the  spatial  covariance  matrix  can  be  estimated  as 

C  A  ^(XX") 


(77.13a) 

(77.136) 


The  description  of  the  observation  and  the  model  is  now  complete.  Given  the  noisy  observation  matrix  X,  the 
problem  under  consideration  in  this  proposal  is  to  estimate  „,’s  and  Aim’s.  Note  that  the  complex  amplitudes 
can  be  estimated  linearly  once  the  W,’s  are  known  but  the  estimation  of  poses  the  greatest  difficulty  because 
it  is  a  highly  nonlinear  optimization  problem. 

The  primary  objective  for  this  part  is  to  stud,  whether  the  computational  simplicity  of  DFT  can  be 
effectively  combined  with  the  underlying  mathematical  framework  of  some  of  the  existing  high-resolution 
methods.  The  final  goal  is  to  achieve  hrgh-resolution  withont  any  iterative  optimization  such  that  real-time 
implementation  may  be  feasible  with  existing  hardware.  The  proposed  method  makes  use  of  the  spectal 
properties  of  correlation  matrices  which  are  outlined  next. 


II.3  :  Some  Properties  of  the  Autocorrelation  Matrix 

Since  the  data  described  by  (77.3)  is  uncorrelated,  zero  mean  WSS  process,  the  N  x  N  (N  >  p) 
covariance  matrix  C  will  have  the  following  matrix  decomposition  when  there  is  no  observation  noise, 


c  =  txt" 


(77.14) 


where,  X  A  diag  (<r?  <rf  . . .  <r’)  and  <r?  denotes  the  power  of  the  the  i-th  signal.  Note  that  this  ideal  C 
has  rank  p.  In  this  case,  the  eigen-decomposition  of  C  can  be  written  as, 

,V  (ILl5a) 


(7 7.156) 


CV  =  [AiV! 

APvp 

0  ••• 

0] 

Ai 

0 

...  0 

0 

O' 

0 

A2 

...  0 

0  ... 

0 

A 

0 

0 

...  Ap 

0  ... 

0 

0 

0 

0  ... 

0 

.  0 

0 

0  .. 

0. 

For  observations  with 

noise 

as 

defined  in 

(77.3), 

r  i  i 

1  1 

•  1  1 

l  i 

Vi  v2  . 

i  i 

•  Vp  Vp+1  . 

j 

1  | 

I  1 

C  =  TXT"  +  ail. 


(77.16) 
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Note  that  this  theoretic  C  has  tank  N  though  the  signs,  part,  TET*  has  tank  p.  ,his  caae,  the 
eigen-decomposition  of  C  can  be  written  as,  ’ 


CV=[(A1+<t2)Vi  ...  (Ap  +  <r2)vp  a2zv. 


'  U z ^  •"  +  ^vp+1  ...  a2VN]  (J/.17) 

htto  btlrf8  "d  ^  “  the  SiSnaI  and  n°iSe  eiSenValU6S'  BUt  in  PraCtlCe’  the  ^ndecompositron 
^  performed  on  the  sample  covariance  matrix  C  as  defined  in  (77.13)  and  then  the  noise  e.genvaiues 

not  be  eqna!  but  mil  be  absorbed  with  the  signal  eigenvalue,  also.  In  that  case, 


CV  =  [AlVl  •••  Apvr  A 


1 pvp  ^p+ivp+i  •••  Aatv^v] 


(11.18) 


The  Wg  T  e'S“  S  "  ”dered  A'  *  *  -  **■  eigenvectors  corresponding 

e ;  ;,8env"ur ate  caiw  the  ,sign“ eis— ■  «- 

o  her  (IV  -  p)  ergenvectors  are  known  as  the  ‘noise  eigenvectors’.  Note  also  that  the  p  ‘signal  „g,„vectors‘ 
Of  C  span  the  subspace  defined  by  the  columns  of  T  wn  ,  eigenvectors 

eigenvectors.  Y  °rth°g°nal  to  ‘noise  subspace’ 

The  Proposed  DFT-Based  Minimum-Norm  Method  (D-MNM) 

As  a  significant  departure  from  the  eigen-based  approaches  discussed  in  the  pr.vions  section,  this  work 
Idvocates  that  the  signal-subsp.ee  information  be  extracted  from  the  DFT-of-AC  mat™  which  can  be 

eige„vePcL  „r‘h  ^  mUltipUCati°"-  ™S  need  fo,  iterative  calcnlatron  of 

^genvectors  whrch  rs  compu.atronally  intensive.  The  central  idea  behind  the  DFT-of-AC  matrix  is  analysed 

H.4.a  :  Signal  and  Noise  Subspace  Extraction  from  the  DFT-of-AC  Matrix 
Let  the  DFT  matrix  be  denoted  as, 


D  A  [ei  e2  ■  •  •  e^v  ]  , 
where,  the  elements  of  the  k- th  DFT-vector  e*  is  defined  as,  edfi  = 


(II  .19) 


the  frequencies  Wis  are  all  on  the  DFT  bins  and  if  there  i 


as,  et(/)  =  for  k,  l  =  0,1,  2,  . . N  -  1.  If 


is  no  observation  noise,  then  in  general, 


A  Ce* 


1  M 

~  M  ^  -<  (xmefc)xm r  using  (7.136) 


M  e*)xm, 


,  M  r  tf  ek 

=  —  Y'  -H 

M  Arn  : 


using  (II. 8) 


(77.20a) 

(77.206) 


(77.20c) 


(77.207) 
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If  the  k- th  DFT  vector  ek  corresponds  to  one  of  the  frequencies, 

ft  =  T7  E  =  T  —  E  Akrn*m 

11  m=l  m=1 


=  T  iEl'.IA,, 


i2  =t  Ui 


(77.21) 


1  a*  a 

M  Am=l  AkmAP™  ■ 


where,  denote  the  covariance  of  the  complex  amplitudes.  Assuming  the  number  ot  samples  M  to  be 

•  i  i  *  A  £.. .  —  A.  ,/t?  TTpnce. 


MUVXV)  ''A,!'' -  2 

large  and  since  Ajfcms  are  independent  random  variables,  aAkm,Aim  A  °k‘  ~  Skl° k '  Hence’ 


fib  -*■  diti  =  die*,. 


(77.22) 


Note  that  the  norm  of  ft,  is  directly  proportional  to  the  signal  power,  ak ,  i.e.,  this  norm  will  be  larg 

*  ,  _ _ 


signal  power  is  significant.  On  the  other  hand,  if  a  DFT-vector  ek 
frequencies  then  due  to  orthogonality,  tf  ek  =  0,  Vi.  For  such  cases, 


does  not  correspond  to  any  of  the  w; 


f,  =  0. 


For  this  ideal  case  then,  the  DFT-of-AC  has  the  following  decomposition, 

F  A  CD 

A  [fl  f2  •••  ftv] 

— *  [ AjUi  ApUp  0  • •  •  0] 


(77.23) 


(77.24a) 

(77.246) 

(77.24c) 


where,  the  A,s  and  u,s  are  the  lengths  and  unit  vectors  of  each  ft,  respectively.  Note  that  the  unit  vectors 
in  the  matrix  in  (77.24c)  have  been  rearranged  so  that  the  zero/nonzero  components  are  clustered  together. 
Interestingly,  this  decomposition  appears  to  be  very  similar  to  the  usual  Eigendecomposition  of  noiseless 
and  ideal  C,  as  given  by  (77.15).  For  this  ideal  signal  scenario  again,  if  the  DFT-of-AC  is  formed  using  the 
theoretical  and  noisy  Covariance  matrix  of  (77.16),  then  the  decomposition  has  the  form, 

F  =  CD  (JL25fl) 

_  TSthD  +  <7;D  (77.256) 

_  ^1  +  cr2)Ui  ...  ( \  -i-  (T21ii_  rT?U„_i-i  •••  <T?Ujvl,  (77.25c) 


(Ap  +  <r-)up  o'jUp+i 


<t2zun  ] , 


where  the  u,’s  have  been  arranged  in  deceasing  order  of  lengths.  Note  again  that  this  decomposition  is 
analogous  to  the  one  in  (11.17).  In  this  case  also,  the  p  largest-norm  vectors  of  the  DFT-of-AC  matnx 
contain  the  signal  subspace  information. 
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»  practice,  the  tv,s  W.1I  not  be  on  the  DFT  bins  and  the  observations  may  also  be  noisy  and  hence 
the  de  os  ;lon  (1LU)  or  (/,25)  wl„  „ot  hoR  th,  DFT.c_ts  ^  ^  ^  ^ 

scenario"  whTn  tT  T  7  '"T  ””mS  <th'S  “  f“'ther  1’“1,Zed  “  S"*10"  ILS>’  “““•  tor  the  «“««> 
seen,  o,  when  the  observation  data  is  noisy  and  the  angular  frequencies  w,s  are  arbitrarily  spaced  the 

signal/noise  subspace  decomposition  can  be  formed  as  : 


[Ajuj  •••  ApUp  |  Ap+1up+1 
^A[US  |  Uw] 


Ajvujv] 


where,  Ai  >  A2  > 


(//.26a) 

(II. 26b) 


>  An  are  the  norms  of  the  f,  vectors  and  the  matrices  A,  Us  and  U*  are  formed  aa, 


TT  A  'I 

,  Us  A  ui  u2 


and,  U N  A  up+1  ...  UAr  . 


viz  b::r  tit*  the  d"omp°s“ion  ^ *  «» 

(  8)-  1  may  be  n°ted  he"  lh*‘ in  —  °f  W  -*»1  cases  „t  (77.24)  and  (77-25),  an  unit  vector 

corresponds  to  one  of  the  DFT-vector  ei  hut  in  ,  ' 

the  DFT  com  *  ,  g6n  CaSe  °f  (/7  26)’  they  are  linear  combinations  of 

FT-components  close  to  the  signal  freq„e„cies  (the  genera!  case  ,s  farther  analyzed  Section  II  6) 

H.4.b  ,  Incorporation  of  DFT-Based  Signal  Snbsp.ce  in  Minin.nn.-Nor™  Rework 

d  JTrr  “T  7“  lhe  -‘W  <•  -  »  appropriate  ‘noise-subspace’  vector 

d  which  IS  orthogonal  to  the  'signal-subspace'  defined  by  Us.  Let, 

DMAgV*  (77.27) 

Ads  ^The  coetE  "7  7“'  Wilh  ?  ““  *»  =  f»’  *  -  > . .  corresponding  to  the 

AUAs.  lhe  coefficient  vector  is  denoted  as, 


d  A  [d0  d! 


dN-if, 


(11.28) 


where,  do  -  1.  According  to  the  MNM  Dhilosonhv  it  tt  j 

d  must  be  orthogonal  to  Vs,  i.e.,  C°”  '  «%"al-subspace,  then 

a  a  Ufd  =  °'  (77.29) 

:^:rrrvi;r  °f — »“  -  ^ 

a,,  its  minimi“s  the  nora  ^ - 

M  .  '  minimum-norm  solution  of  d  for  solving  (//. 29)  can  be  expressed 


-  G"(GG")-ig 


(//.30a) 
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where,  Uf  is  partitioned 


UfA[g  |  G],  (^) 

Once  d  is  estimated,  the  p  roots  of  D(z)  closest  to  the  unit  circle  are  used  to  find  the  AOAs.  It  may  be  recalled 
that  in  E-MNM  the  signal-subspace  eigenvectors  vi,  v2,  .  - vp,  as  defined  in  (77.18)  are  used  to  form  Us 
[28,  29,  45],  But  in  case  of  the  proposed  approach,  no  eigendecomposition  is  necessary.  Post-multiplication 
of  C  by  the  DFT-matrix  D  is  all  that  is  required  to  extract  the  signal  subspace  in  (77.26). 

II.4.C  :  Summary  of  the  Proposed  D-MNM  Algorithm 

The  key  steps  and  some  alternative  possibilities  are  summarized  in  this  Section. 


II.4.C.1  :  Algorithm  Steps 

1.  Form  the  Covariance  Matrix  estimate  using  forward-backward  method  [28,  29]  : 


1  m  H 

C  A  'y  ']  Xmxm  +  Xmxm 


(77.31) 


The  ‘backward’  vector  is  defined  as  x^  A  Jx^,  where,  J  denotes  the  permutation  matrix  with  l’s  at 
the  cross-diagonal  entries  and  *  denotes  the  complex-conjugate  operation. 

2.  Post-multiply  C  by  the  DFT  matrix  D  to  form  the  DFT-OF-AC  matrix,  F  A  CD. 

3.  Form  U  as  in  (77.26c)  using  the  p  unit  vectors  corresponding  to  the  largest  norms.  Partition  Us  as  in 
(77.306). 

4.  Estimate  the  d  vector  using  (77.30a)  and  form  the  D(z)  polynomial  using  the  elements  of  d. 

5.  Find  the  roots  of  D(z).  Pick  the  p  roots  closest  to  the  unit  circle  to  find  the  desired  frequencies/AOAs. 

II.4.C.2  :  Alternate  Possibilities 

SUts  2  and  3  :  Post-multiplication  of  the  AC-matiix  by  a  DFT-matrix  has  been  used  here  because  the 
decompositions  as  described  in  Section  II.4.a  appear  analogous  to  eigendecomposition.  But  it  is  easy  show 
that  identical  results  can  be  obtained  if  the  AC-matrix  is  pre-multiplied  by  a  DFT  matrix,  i.e.,  the  DFT-of- 
AC  matrix  can  also  be  formed  alternately  as,  F,  A  DC.  In  that  case,  the  largest  norm  row  vectors  of  the 
DFT-of-AC  matrix  Fi  must  be  used  to  form  defined  in  (77.31). 

Step  4  :  This  step  requires  inversion  of  a  matrix  of  dimension  (N  —  1)  x  (N  —  1).  This  can  be  avoided  y 
orthogonalities  the  p  largest  norm  vector,  in  Us.  Let,  UJ  be  the  new  ‘signal-subspace’  matrix  with  the 
orthonormal  set  of  vectors  which  can  be  written  in  partitioned  form  as, 

U°SH  A  [g,  |  G0].  (/L32) 

With  these  partitioned  matrices,  d  can  again  be  found  in  Step-4  as  [28,  29], 

a  _  [  _ 1 _  1  .  (U.33) 


-  Gfg0/(1  -  go  go) 
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L?u “  "r  [28, 291,  ?  orthonorm*' sisMi  -  -  -  *-  «„ 

S  formed  by  orthogonal, ,mg  the  p  larges,  „„tm  vecto,s  „f  the  DFT-of-AC  matrix. 

fo?nd  <w ^  — .  -  <■—  may 

owing  minimum-norm  pseudo-spectrum  [28,  29,  64]  : 


PMNM(ejw)  A  - - - - 

=  \D(ei*)\2 


(77.34) 


II.5  :  Simulation  Results 

m  this  Section  the  performance  of  D-MNM  is  compared  with  some  of  the  existing  well-known  algorithms 

:i™“  ~  fm  - — — -  - — — :::: 

II.5.a  :  AOA  Estimation 

Simulation  1  :  Two  Densely-Spaced  Targets  of  Equal  Powers  [62,  63] 

Planevvaves  from  p  =  2  sources  with  0,  =  18°  and  9 o  —  99°  ;  •  j  .  _  T 

[29  30  321  The  i  .  -22  incident  on  N_8  sensors  were  modeled  as  in 

|/y,  oil,  o2J.  i.  he  number  of  snapshots  M— in  pin-  i  u 

SNR  The  two  1  A  ’  S'  Sh°WS  the  n°rmS  °f  the  f’  vectors  for  20  trials  at  20dB 

-  The  two  larges,  A,,  always  appear  to  be  more  significant  than  all  the  smaller  ones.  Figures  2a  and  2b 

sh°W  th'r  °  D  t>  f”  50  mdep“de”t  real“a,,Qr,S  “lnS  D-MNM  and  E-MNM.  respectively.  The  figures 

term  1.™”  T  ^  *“  *'  ^  spares  E-MNM  and  D-MNM  in 

terms  of  the  bias  and  RMS  value.!  with  onn  •  j  ,  .  mvl  ln 

indicate  that  the  performance  of  D  MNM  i  H  “  d‘ffe"nl  SNR  ^  Tl“  reSultS  de“‘» 

was  required  in  th.s  case.  In  fact  D  MNM  wl  f'  7,7  ^  EiS“d»— 

trials)  at  low  SNR  ranges.  ’  S°m'Wh,t  IO,>USt  (i"  ,emis  °f 

Simulation  2  :  Comparts™  ./Dynamic  Range  mtk  T„o  Targets  of  Pnegtta,  Powers  [62,  63] 

«,  =  7rI7  located  “ halfway  belween  c°"espon<iing  DrT-bins  "*h 

trials  at  each  SNR  for  D-MNM  and  E-MNM  *  .  a  -  “““  ^  W1  5°  indePendent 

dynamic  range  than  E-MNM.  ^  ***  “  Flg'  3'  D'MNM  demonstrates  superior 

II.5.b  :  Frequency  Estimation 

S“  “  ‘ — ™ — 

Simulation  3  ,  Comp.rts.n  of  ffigA-Resotaon  Perform  and  Threshold  Enhancement 
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M  -  1 


(77.35) 


The  simulation  data  is  generated  using  the  formula  [28,  69]  : 

y(jij  =  aiei2n(°^n+j*  +  a2e:'2,r(0'52^"  +  w(n),  for,  n  =  0,  1,  •••, 

where,  «,(n)  is  complex  white  Gaussian  noise  with  variance  <r2  .  The  number  of  data  samples  used  is,  M=25. 
This  data  set  has  been  widely  used  in  the  literature  for  studying  the  performance  of  various  methods.  For 
this  data  set,  it  has  been  shown  in  [28,  69]  that  the  TK  method  performs  best  when  high-order  (L  x  L) 
covariance  matrix  with  L  =  18  is  used  with  forward-backward  covariance  matrix  [19,  64],  Five  hundred 
independent  noise  realizations  were  used  to  compare  the  performance  of  the  proposed  method  with  that  of 
TK  method  and  MUSIC.  The  mean  values  for  three  cases  at  different  SNR  values  are  displayed  in  Fig.  4. 
The  RMSE  results  are  shown  in  Fig.  5  along  with  CR  Bound  for  the  frequency  at  /i  =  0.5277*.  The  bias 
and  RMSE  at  different  SNR  values  are  also  tabulated  in  Table  2.  Clearly,  the  proposed  method  extends  the 
performance  threshold  closer  to  the  CR  bound.  Hence  the  performance  of  the  proposed  method  approaches 
that  of  the  Maximum-Likelihood  method  more  closely. 

II. 6  ;  Analysis,  Discussion  and  Directions  on  Further  Research 

The  results  presented  so  far  are  quite  intriguing  and  can  be  expected  to  have  far-reaching  consequences 
on  simplifying  the  present  practice  of  frequency/ AOA  estimation.  The  proposed  approach  of  forming  signal- 
subspace  using  DFT  without  any  eigendecomposition  also  opens  up  whole  new  avenues  for  further  research 
and,  at  the  same  time,  poses  some  unanswered  questions.  Furthermore,  it  may  be  possible  to  extend 
and’ incorporate  similar  ideas  in  other  closely  related  problems  or  to  develop  more  simplified  algorithms. 
The  theoretical  performance  of  the  method  needs  to  be  thoroughly  analyzed.  The  major  advantage  of  the 
proposed  approach  is  that  all  the  signal-subspaces  are  obtained  with  a  single  matrix  multiplication.  This  step 
may  be  performed  using  FFT  which  is  very  efficient  for  hardware  and  software  implementation.  Preliminary 
analysis  of  the  proposed  work  and  some  directions  for  further  research  are  briefly  outlined  in  this  section. 

1.  Reduced  Computational  Complexity  and  Usefulness  in  High  Sampling- Rate  Problems  .  The 
major  significance  of  D-MNM  is  that  its  high-resolution  capability  does  not  rely  on  any  iterative  method 
or  eigendecomposition  which  is  also  computed  iteratively.  The  lower  computational  complexity  of  D- 
MNM  should  be  attractive  in  any  general  frequency/AOA  estimation  scenario.  But  the  usefulness  of  the 
proposed  method  should  be  specially  significant  in  those  applications  where  traditional  high-resolution 
methods  are  yet  to  make  much  inroads  due  mainly  to  extremely  high  sampling  rate  requirements. 
Specifically,  in  Electronic  Warfare  (EW)  applications,  the  signals  usually  operate  in  the  GHz  range 
but  real-time,  high-resolution  capability  is  a  necessity  [65].  Currently  no  EW  receiver  processes  signals 
entirely  in  digital.  The  proposed  DFT-based  MNM  with  its  low  computational  complexity,  is  expected 
to  provide  the  desired  high-resolution  capability  to  future  digital  EW  receivers. 

2.  Signed- Subspace  Information  from  the  Autocorrelation  Matrix  Only  .  The  strength  of  the 
Minimum-Norm  framework  as  a  high-resolution  method  really  comes  from  its  ability  to  form  the  ‘noise- 
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subspace’  vector  d  by  exploiting  the  orthogonality  property  in  (//. 29).  It  ,ppears  that  „  ,  M  „ 

capability CTheDFT  ***.***h~“  T’  *  <«•»>  —  -tain  its  h.gh-resolutton 

of  tb  ■  ,  C  ,S  “  aPP“P"*‘'  “»dU*te  to  produce  Us  because  it  is  a  linear  combination 

e  signa  -vectors  in  T.  This  can  be  seen  by  rewriting  the  DFT-of-AC  matrix, 


r  i  m  i 

F  _  CD  _  T  —  am(x^D)  .  (11.36) 

In  facMhe  AC  matrix  itself  is  also  a  possible  candidate  for  obtaining  the  ‘signal-subspace’  U5,  because 
be  expressed  as  a  linear  combination  of  the  signal-vectors  in  T, 


1  M 

C  =  T  — -  V'  a 

M  2^  3mXm  •  (II. 37) 

Not  surprisingly,  when  Uy  is  formed  with  the  p  largest  norm  vectors  of  the  estimated  C,  MNM  again 
—  h"*i0"  CaPab'“ti' "  (-  ■«*—)•  This  simpler  procedure  to  obtain 

hi, ;; ~  rDd;Tl:r  rw  furthe" But  * musi  **  — 

It  because  the  DFT  operation  accentuates  the  signal-subspace,  as  discussed  next 

3'  “  oP  fhe  DFT-based  Signal  Snbspace  for  Arbitrary  AOA/FVeq„e»cy  ,  Fo,  idea,  noise- 
ree  o  servations  if  the  frequencies  are  not  on  the  DFT  bins  the  DFT  of  AC 

ag  .  Dms’  the  -l -of- AC  operation  can  be  expressed 


F  =  CD 
=  TST^D 


=  TS 


(//.38a) 

(11.386) 

(//.38c) 


Consider  the  matrix  at  right  Earb  nf  th*  i-Jfn 

rn  ,  .  ,  S  f  th  ti  D  vectors  are  complex  valued  DFT  of  a  sequence  of  a 

atTheTol mUSm  Th<i  maSmtUde  °f  6aCh  I0W  Vect°r’  has  a  Sinc  envelope  with  a  peak  occurring 
at^o  umn  corresponding  to  the  bin  , oration  closes,  to  the  fluency  For  m.mte  aperture  w„h 

appro!  !  °f  SenS°rS'  eaCh  'OW  VeC‘°r  Pe*kS  **  “■  “d  *h»  *—  of  tha,  row 

,r  oft  fic'  r  w‘" be  the  ca“ rw  each  °f *he  °th"  - — a,»- 

the  DFT-of-AC  operation  again  produces  p  largest  norm  vectors  at  the  true  signal  fluencies  The 
/wuse  rr'  ,he  “  defi”d  *  (I'  25>  '™dd  *>  **Ur  —Its.  For  finite 

*  ;ec,:r  „t ;  rr  the  '"s“‘ no™ vectots  win  *is° have  — ■*- 

to  rr  ,  ^  COn‘ai"  information  which  is  orthogonal 

to  d  and  hence  useful  for  obtaining  the  minimum-norm  vector  d 


4  Performance  and  Accuracy  Analysis  :  The  results  presented  here  indicate  that  the  DFT-of-AC 
operation  retains  slgmfkant  signal  information  comparable  to  signal  eigenvectors  produced  by  ^de¬ 
composition.  This  phenomenon  needs  to  be  quantified  analytically.  A  possibility  would  be  to  analyze 
and  compare  the  respective  Frobenius  norms  of  the  Projections  onto  the  true  signal  bas.s-space  as 
produced  by  the  signal-subspaces  due  to  the  eigen-based  as  well  as  DFT-based  methods.  Most  of  the 
existing  eigen-based  methods  have  been  analyzed  to  study  their  performance  and  accuracy  [22,  25, 
43,  76,  77].  Following  this  trend  we  plan  to  perform  statistical  analysis  of  the  bias,  variance  and  the 
resolution  threshold  of  the  estimates  produced  by  the  present  method. 

5  Estimation  of  the  Parameters  of  Damped  Sinusoids  in  Noise  :  Many  eigen-based  methods 
have  been  successfully  utilised  in  estimating  the  unknown  parameters  of  damped  sinusoids  from  norsy 
observations  [27,  28],  It  appears  that  with  some  simple  modifications  the  proposed  DFT-based  approach 
could  also  be  used  fo,  the  same  purpose.  The  advantage  would  again  be  that  no  eigendecompositron 
but  the  performance  will  be  comparable. 

6  Largest  Norms  vs.  Peaks  :  In  all  the  simulations  presented  here,  the  signal  subspaces  have  been 
formed  by  selecting  the  p  nnit-vectors  having  largest  norms.  But  the  ideal  solution  may  be  to  p.ck  the 
unit  vectors  corresponding  to  the  p  largest  peak,  (having  smaller  norm  vectors  on  both  adjacent  bins). 
This  may  eliminate  any  possibility  of  picking  multiple  vectors  from  the  vicinity  of  strong  srgnals.  It 
should  be  emphasized  though  that  largest  norm  criteria  has  worked  quite  well  so  far,  as  demonstrated 
by  a  large  number  of  simulations.  But  this  aspect  certainly  needs  further  analysis. 

7  Zero  padding  :  In  classical  spectral  estimation,  Periodogram  relies  on  DFT/FFT,  but  it  is  often 
necessary  to  extend  (or,  pad)  the  available  data  with  zeros  so  that  interpolated  values  between  available 
bins  can  be  calculated.  Zero-padding  is  also  used  to  extend  data-lengths  to  powers  of  two  such  that 
the  computational  efficiency  of  the  FFT  can  be  taken  advantage  of.  In  the  simulation  studies,  no  zero¬ 
padding  had  been  incorporated  so  far.  It  is  not  quite  apparent  whether  the  zero-padding  should  be  done 
directly  to  the  data  or  to  the  covariance  estimates  and  this  aspect  needs  further  study.  It  would  also 
be  necessary  to  study  the  possible  effects  on  the  signal-subspace  produced  by  the  DFT-of-AC  operation 
after  zero-padding  is  introduced. 

8.  Windowing  :  In  classical  spectral  estimation,  in  order  to  avoid  sudden  discontinuities,  the  observed 
data  is  often  weighted  (or  tapered  at  both  ends)  by  non-rectangular  window  which  tends  to  enhance  the 
‘dynamic  range’  at  the  cost  of  ‘resolution’  [19] .  In  the  simulation  results  presented  here,  no  windowing 
has  been  used.  But  windowing  is  known  to  be  highly  effective  in  locating  weak  frequency  components 
which  tend  to  get  submerged  by  the  sidelobes  of  strong  components.  Though  it  is  believed  that  that 
orthogonality  property  in  (77.29)  is  the  main  contributing  factor  for  the  high-resolution  capability  of  D- 
MNM,  it  would  certainly  be  interesting  to  study  what  effects  windowing  might  have  on  the  performance 

of  D-MNM. 
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9'  in  other  Eise-B“ed  “ :  oth»  *-  -  *—» - 
No™  Method  covered  ,„  th.s  proposal,  there  is  a  large  body  of  work  where  some  form  of  , igend.com- 

~  “I  Tma"  rA/“  [I’3'  "  17’  2°-22’  25‘29'  33’  39'  41'43-  «■  «. «. 

™  w .. tt  t50, 51L  svd  [28' 291  md  es- 

some  of  these  p  J  ne  proposed  DFT-based  signaJ-subspace  may  be  incorporated  with 

me  of  existing  ^decomposition  based  methods,  in  order  implement  those  methods  without 

g.  eeompo,  Cle"l)''  ““  P">P“ed  <*»  be  used  to  implement  MUSIC  except  that  the 

noise  subspace  Uv  defined  in  (TT  9m.\  u  .  ,  ’  ept  that  the 

of  the  SVD  of  a  da  *°  ^  ”lili”d'  Als°’  »  “d  right  eigenvectors 

of  the  SVD  of  a  da,,  matrix  are  actually  th,  eigenvectors  of  correlation  matrices.  Hence  it  appears 

7  °rf  the  SVD'b“'d  *PP‘°“hes  be  modified  to  incorporate  DFT-based  ^ ZZ 

2 “  Sh°U';.  b;  **“  *b“‘  **  ***  -  ‘be  left  or  right  „gna, -spaces,  he^I 

may  not  contain  signal  information.  The  case  is  not  so  apparent  for  those  methods  which  use  generalized 
eigendecomposition  [41,  57,  75).  Some  of  these  possibilities  need  to  be  further  investigated. 

10.  Mode,  ord.  Selection  :  i,s  current  form,  the  proposed  approach  assumes  that  the  number  of 

targets  (p)  is  known.  But  Fig.  1  suggests  that  it  .  1 

norm  of  the  DFT  of  AP  *  P°SS  ° CStlmate  the  m°del  °rder  from  the 

DFT-of-AC  vectors.  This  possibility  needs  to  be  explored  further. 

Zue^DomlinM  a,  ,T  T  "7  ^  *'*»i«hm  in  the 

form  a  ,p  +  1)  *  r  '  '  *  '»  “*  *>«  treated  a,  multiple  time-series  to 

Prony,  pofo  1  7™'  ^  •"»“*)  then  the  p-th  order 

Pton,  polynomial  can  be  estimated.  Based  on  preliminary  simulation,  (no,  included)  this  annroach 

appears  to  be  simples,  of  all  existing  methods  with  moderately  good  high-resolutiou  performance  The 

Performance  of  DPT-Prony  is  much  better  than  that  of  the  standard  Prong,  method  Lose  t  D^ 

^:"SP“e  “  “P  *h°“Sh  -  — •  Tb«e  ideas  needs  to  be 

12  ^  ^  '—ay  processing  scenarios,  both 

Many  existing  1-D  freqUendeS  t0  be  CStimated  t26’  33-  ***>]■ 

that  the  DFT  of  AC  r  T  "  t0  2'°  t0  address  this  P»blem.  It  appears 

to  estimate  the  the  f  ^  °rS-Can  A  ^  “<I  ^  °(z)  Pol^omi^can  be  be  formed 

on  f  resiliencies  an  AOAs  separately.  Incorporation  of  the  DFT-based  signal-spaces  for 

2D  frequency  estimation  needs  to  be  further  investigated. 

13  ™«:r,re^ihe  -“v—  -  -*■ — — — - 

.  ..  the  area  of  hardware  miplementation  for  high-resolution  Angles-of-Arrival  or 

rely nre  form'0”  r  T  ““'“h1'  me‘h°dS  With  g00d''n0Ugh  high-resolution  capability, 

25™ :  4,  a  r: ,ve  op,,mization  °r  uerative  c°mpu““”  a  »,  2»-22 

-  -  .  -43,  45,  50,  51,  53,  57,  69,  70,  74-77,  79].  In  contrast,  all  that  the  proposed  approach 
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requires  to  form  the  ‘signal-subspace’  is  a  single  matrix  multiplication.  Furthermore,  the  matrix  to 
be  multiplied  is  a  DFT  matrix  and  it  has  special  structures  so  that  FFT  based  processing  may  be 
utilized  to  further  reduce  the  computational  burden.  Hence,  one  of  the  major  goals  in  future  work 
would  be  to  devise  appropriate  strategies  to  design,  develop  and,  if  possible,  fabricate  VLSI  hardware 

for  high-resolution  AO  A/Frequency  estimation. 
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CONST  “AXIMUM  Likeuhood  Estimation  op  Muitiple  Frequencies  with  exact 
CONSTRAINTS  TO  GUARANTEE  UNIT  CIRCLE  ROOTS 

III.l  :  Introduction 

Elating  the  undoing  parameters  of  multiple  complex  exponential  signals  in  noise,  remains  one 
of  vigorously  researched  top.cs  in  signal  processing  literature  [1-13,  15-35,  37-48,  53-65,  69-79]  For  a 

;i7,h”  ‘he  m"ltiPk  “  ”  ■  -  Periodogram  performs  rein" 

well.  Bn.  ,f  the  fteduenc.es  are  closely  spaced,  which  often  occurs  when  the  data  length  is  limited  or  the 

aperture  ,s  too  small,  the  Periodogram  fails  to  distinguish  the  fluencies  and  produces  merged  fluency 

^2,  d  th°  °V™  lh'  Peti°d0g',m’S  reSOlU,i“n  methods  have 

developed  m  the  past  two  decades  [1-13,  15-35,  37-48,  50-65,  69-79],  In  contrast  to  Periodogram  these 

methods  make  effective  use  of  some  underlying  property  of  ,he  true  sinusoidal  signal  model 

Among  an  the  existing  high-resolution  frequency  estimation  methods,  the  MLE  appears  to  provide  the 
most  accurate  frequency  estimates  and  has  the  lowest  SNR  threshold  [5,  31  32  46  47  55  61  781  M  t 
Igh-resolufon  methods  rely  on  the  rank  and  signal  or  noise  subspac,  information  which  'are  exacted  from 
gendecomposition  of  covariance  matrix  or  SVD  of  data  matrix  [1-13,  15-35,  37-48,  50-65,  69-79]  On 

•he  exact  Uke  h  i  !•  CO”S,de"  lh<!  m°de'  ‘h'  ^  ■‘‘-P*  ft.  maximise 

he  xac  Likelihood  function  to  estimate  the  unknowns.  For  a  single  sinusoid,  the  peak  of  the  periodogram 

z l  r  :;°  ml  “ ^  .» .  *jz 

optimization  problem  [5,  31,  32,  46,  47,  55,  61,  78], 

A  recently  proposed  Maximum-Likelihood  Estimator  nur  n  t  n-  , 
j  j  .i  .  ron  (MLE)  of  multiple  exponentials,  developed  in- 

estimating  ^the  co  I  f  7  ^  ^  'S‘imati0,“  i"‘°  *  P'°bkm  rf 

a  1 r°T  *he  rd  fr— *  ■"  “ 

imized  iteratively.  Theoretically  the  roots  h  7 *  <■ 

Though  effective  t  1  '  1&t  P°lyn°mial  should  fal1  ri«ht  the  unit  circle, 

drawback  ,  ,  T  '  '‘QML’  “  ■  <■  “»<»”  ft-  possess  one  fundamental 

pin  I  1  ’  "  "  »■  *-  «*  Impose  sufficient  theoretical  constraints  on  the 

"  the,“  l°  ““  *h'  **■  par,  of  the 

k  is  to  address  this  unresolved  problem  in  KiSS-IQML. 

Two  conditions  must  be  satisfied  for  a  general  r>-tb  i  •  ,  , 

•  ,  ,  general  p-th  order  z-polynomial  to  have  p  unit  circle  roots  • 

‘C1)  7;hd“iVStiVe  —  <«>•  *t,ils  of  which  are  given  later,  KiSS- 

could  not  be  inc  derivatlve  constraint  makes  the  problem  highly  nonlinear  and  hence,  C2 

could  be  incorporated  in  the  weighted-quadratic  framework  of  KiSS.  Bu,  when  ,  >  1,  Cl  alone  „  not 

sufficient  for  unit  circle  roots.  Furthermore,  from  the  theory  of  Line.r-Phase  FIR  filters,  it  is  well-known  that 

h  mots  of  a  symmetric  r-polynomia,  may  fall  either  on  the  unit  circle  they  may  be  reciprocal  ^ 
falling  inside  and  outside  of  the  unit  circle  Tn  fa,i  ?  reciprocal  pairs 

circle.  In  fact,  it  was  demonstrated  in  [1]  and  [3]  that,  if  SNR  <  10dB 
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and  the  frequencies  are  spaced  closely,  the  roots  produced  by  KiSS-IQML  were  sometimes  in  reciprocal  pairs. 
In  such  cases,  two  frequencies  merge  to  produce  only  a  single  frequency  estimate.  The  alternate  approach 
proposed  in  this  paper  attempts  to  alleviate  this  limitation  in  KiSS. 

There  is  one  particular  exception  to  the  two  conditions  stated  above  .for  p  —  1,  the  conjugate  symme  y 
constraint  (Cl)  alone  is  sufficient  for  the  single  root  to  fall  on  the  unit  circle.  This  is  the  main  idea  which 
will  be  utilized  in  developing  the  proposed  Constrained-KiSS  (C-KiSS)  algorithm.  Specifically,  Cl  will  be 
imposed  on  each  of  the  lst-order  factors  of  the  p-th  order  z-polynomial,  such  that  each  individual  root  falls 
on  the  unit  circle.  This  process  need  not  be  applied  to  all  the  frequencies  at  all  SNRs.  The  constraints 
are  imposed  only  on  those  lst-order  factors  which  produce  merged  frequency  estimates  at  convergence  of 
KiSS-IQML.  The  factors  for  which  the  roots  are  already  on  the  unit  circle,  are  held  fixed.  The  proposed 
algorithm  may  be  considered  to  be  a  polynomial-domain  counterpart  of  the  ‘Alternating  Projection  approach 
[66]  where  the  ML  criterion  was  minimized  w.r.t.  one  frequency  at  a  time  while  the  other  frequencies  were 
held  at  the  previously  estimated  values.  To  the  best  knowledge  of  the  author,  this  work  appears  to  be  the 
first  attempt  to  guarantee  unit  circle  roots  on  the  polynomial  coefficients  for  Maximum-Likelihood  frequency 
estimation.  The  constraints  are  primarily  effective  at  low  SNR  levels  when  there  is  a  higher  possibility 
for  KiSS-IQML  to  produce  merged  frequency  estimates.  In  simulations,  the  RMS  values  of  the  frequency 
estimates  using  C-KiSS  were  found  to  be  closer  to  the  theoretical  CR  bounds  than  those  of  the  original  KiSS 

algorithm. 

111,2  :  The  Maximum  Likelihood  Problem  and  a  Brief  Overview  of  KiSS-IQML 

The  observation  samples  of  a  complex  multiple  exponential  signal  can  be  represented  as, 


*(»)  A  £  ak^n  +  +  z(n)  n  =  0, 1, .  •  .,N  -  1 


Jc  =  l 


(III- 1) 


where,  uk,  ak  and  <f>k  are  the  unknown  angular  frequency,  amplitude  and  phase, 
sinusoid;  p  is  the  assumed  number  of  sinusoids  and  z(n)  represents  i.i.d.  N{ 0,o~) 
For  this  signal  model,  the  MLE  corresponds  to  optimization  of  the  following  error 


respectively,  of  the  kth 
Gaussian  noise  samples, 
criterion  [5,  31,  32,  46, 


47,  55,  61,  78]. 


min  ||e|j2  A 

p ,Ai  • -,A.p 


min 

u>i  ,j4i 


(HI- 2) 


where, 


/  *(0)  \ 
z(l) 

/  1  i 

gjui  e3w2 

1  N 

(Al\ 

Ai 

ATa  A 

\x(N  —  1)  / 

ygJWl(iV-l) 

ejuP(N- 1)  J 

\  Ap  / 

(HI- 3) 


Ak  A  ake^k ,  for  it  =  1,2,  ...,p,  respectively,  are  the  complex  amplitudes.  The  MLE  problem  stated  in 
(m.2)  is  a  nonlinear  optimization  problem  with  respect  to  the  angular  frequencies.  Instead,  KiSS-IQML 
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forms  an  alternative  but  equivalent  error  criterion  in  the  polynomial  coefficient  domain  which  has  a  quasi- 
l_cture  which  is  well-suited  for  iterative  oration.  A  brief  summary  of  the  KiSS-IQML  cnteZ 

jw2  ’  ^  ^  =  b°  .  4 ,  6l"  +  +  bpZ~P’  be  a  Pth  deSree  ^-Polynomial  with  p  roots  at  e’w\ 

for  estimating  by,^  '  =  ^  ^  ^  C°dBdmt  ^  The  ^IQiiL  criterion 


™itE{h)  =  b"X"(BBffrlxb  where, 


B  A 

( bp  ■ 

■  ■  b i  b0 

,  X  A 

/  x(p) 

x(p+ 1)  . 

*(0)  \ 
x(l) 

{o 

bp  ... 

bi  b0 ) 

\  x(N  —  1) 

..  x(N-p-l)J 

(HI  A) 


(HI- 5) 


,  .  '  "  111  D’  excePl  th^t  the  weight  matrix  itself  depends  on  the 

unknown  coefficients.  Hence,  this  criterion  is  minimized  iteratively.  At  the  (*  -  l)-th  iteration  : 

min  bff[Xtf(B(fc-1)Bff(t-1))-iX]b  {HI6) 

is  optoized  where  the  weigh,  matrix  (BB»)  is  formed  using  the  estimate  of  b  found  a.  the  previous 
...  at, on  At  convergence  of  these  iterations,  the  frequencies  are  found  from  the  roots  of  the  estimated 

“  ft,  U"“y'  0^,  does  not  guarantee  “ 

slat  H  Wl  h"  °"  the  C‘"le  “d  “  rec°8"iz'd  i”  [31,  32,  55J  that  two  conditions  as 

stated  next,  must  be  satisfied  to  guarantee  unit  circle  roots. 

HI-3  1  Two  Condltlons  f°r  Guaranteeing  Unit  Circle  Roots 

Cl  :  The  coefficients  should  obey  conjugate  symmetry  constraints,  i.e, 


bk  bP-k’  for,  k  _  0,1,..., p,  and, 


C2  :  For  p  >  1,  the  derivative  of  B(z),  i.e., 


(HI- 7) 


B\z)  A  Mil 
=  dz~l 


[II  1. 8) 

must  have  seros  either  inside  or  on  the  uni,  circle.  KiSS-IQML,  as  originally  proposed  [5,  31),  impose  the 
conjugate  symmetry  cons, ram,  „„,y.  C2  makes  the  optim.sat.on  proh.em  highly  non, me.  and  he  weights 

;tl :: Z:m]  *  ^  :  l0St  ‘f  “  “  '™ "  Hence,  no  attempt  was  made  in 

[o,  dU  62,  49J  to  include  C2  in  the  algorithm  ButifD^>1  n  icn  t  ~  ,  ... 

T,  *  nm'  aut  11 P  >  b  C1  18  not  a  sufficient  condition  for  unit  circle  roots 

Ine  same  condition  mav  in  fact  ImH  tn  •  . 

’  ’  ln  reciPr°cal  pairs  which  can  and  does  occur  in  KiSS-IQML 

especmUya,  ,o.  SNR.  ,»  such  cases,  two  closely  spaced  frequences  are  estimated  as  a  **  frequency^,' 
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III.3.1  :  Important  Observation  :  Interestingly,  for  p  =  1,  the  conjugate  symmetry  alone  is  a  sufficient 
condition  to  ensure  unit-circle  root.  Hence,  we  propose  to  impose  Cl  sequentially  on  each  lst-order  factor 
of  B(z)  during  optimization  of  (III.4).  In  that  case,  the  optimization  at  each  step  will  be  with  respect  to 
only  a  lst-order  factor  of  B(z)  and  hence,  there  is  no  need  for  satisfying  C2. 


(HI- 9) 


III.4  :  Constrained  KiSS  (C-KiSS) 

The  p-th  order  polynomial  B(z)  can  be  expressed  in  factored  form  as  : 

B(z )  =  B^~i\z)B^(z), 

where, At”  +  +  ...  +  and  At»  +  are  (p-1)- 

th  order  and  lst-order  factors,  respectively.  If  conjugate  symmetry  is  imposed  on  the  1st  order  factor,  then, 
B(0(z)  =  6(0  +  bfh-1.  Note  that  in  (III.9)  the  coefficients  of  the  polynomial  B(z)  is  formed  as  the 
convolution  If  the  coefficients  of  B^\z)  and  £«(2).  Hence,  in  matrix-vector  notation  : 


/6<r°  0  \ 

6(p-0  b(P->) 


b  = 


4° 


:o)  -i 


bm 

0  i 


(6  )  A 

bn 


(III.  10) 


V  o  b^J 

where,  Bp_;  denotes  the  matrix-factor  with  the  i-th  1-st  order  factor  removed  and  b^  A  b$  +  jb§.  Using 
(III. 10)  in  (III. 6),  each  lst-order  factor  of  B(z)  is  estimated  at  the  fc-th  iteration  by  optimizing, 

bi[JHBff_<(<’"1)XH(B(fc_1)BK(‘:'1)r1XBj)i_'l1)J]bi,  for,  i  =  1,2 (7//.11) 


min 

bi 


This  is  a  weighted-quadratic  criterion  of  the  form  : 

bfwjl'^bj  where,  (777.12a) 

A  JHBf_,(fc-1)XH(B(fc-1)BH(fc_1)r1XBjl'l1)j  (777.126) 

is  the  weight  matrix  formed  with  the  estimates  found  at  the  previous  iteration  step.  The  criterion  in 
(III.ll)  can  be  optimized  sequentially  or  concurrently  for  each  i-th  first  order  factor.  At  each  iteration,  b,-  is 
estimated  as  the  eigenvector  corresponding  to  the  minimum  eigenvalue  of  Wp_,-  G  IR-  •  The  advantage 
of  using  (III.  12a)  instead  of  (III.6)  is  that,  since  each  5«(2)  is  a  first-order  z-polynomial,  only  the  conjugate 
symmetry  constraint  is  sufficient  to  guarantee  the  root  of  5«(z)  to  fall  on  the  unit  circle.  In  practice,  the 
alternate  optimization  procedure  in  (III.ll)  need  not  be  carried  out  for  ail  the  p  factors  of  B(z).  It  needs  to 
be  invoked  only  in  those  cases  for  which  KiSS-IQML  produces  merged  frequency  estimates.  The  roots  which 
are  already  on  the  unit  circle  need  not  be  optimized  further.  This  sequential  process  guarantees  that  all  the 
roots  of  B(z)  will  indeed  fall  on  the  unit  circle  while  the  exact  ML  criterion  is  also  optimized  at  the  same 

time. 
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III.5  :  Simulation  Results 

69]  The  al®°nthm  deSCribed  above  has  been  tested  with  the  same  simulated  data  set  used  in  [28,  29,  31 
69],  The  following  formula  was  used  to  generate  the  data, 


x(n)  =  aiejWin  +  a2e^n  +  *(„) 
n  =  0,  1,  . . . ,  24 


(7/7.13) 


l  27T/!,  u>2  2 t/2,  /j  and  f2  being  0.52  and  0.50,  respectively,  =  1,  A2  =  e'f  z(n)  is  a 

computer  generate,  white  compie*  gaussianly  distributed  „„ise  sequence  wift  " 

.  /'  e  variance  of  the  real  and  the  imagmary  parts  of  r(n).  SNR  is  defined  as,  10  log,0(l2t|I)  Two 

hundred  data  sets  with  independent  noise  epochs  were  used.  &  tW' 

and  lOdB  6*  a”d,6b  th'  eS“mate<l  r°°“  for  200  indePendent  trials  of  KiSS-IQML  for  SNR  =  5dB 
Figures  6c’  aXef  7  ^  T  T  ^  ^  ^  ““  C°r'eSPOniling  KSults  with  C-*®*-  For  the  lOdB  case, 

roots  l  T  7  m"Sed  ““  bef0'e  aPP'yin*  ,h'  «->*>•■  The  uni,  circle 

o«s  F,g  6f  does  show  w.der  spread  than  the  corresponding  merged  frequency  estimates  in  Fig.  6c  Fig 
7  compares  the  performance  of  KiQQ  tha/Tt  j  r*  T^nn  .  o  g. 

that  C  KiSS  „„f  r  “  Q  “d  C‘KlSS  «h  ““  theoretical  CR  bound.  The  results  verify 

that  C-K.SS  performs  better  than  original  KiSS  at  low  SNR  range. 
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Fig.l.  Norms  of  the  DFT-of-AC  vectors 
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•oquare  error  (m  dis) 
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Fig.4.  Comparison  of  Mean  values  with  500  independent 
trials  for  three  methods. 


SNR 

Fig-5-  Comparison  of  RMS  values  with  CR  bounds  for  500 
independent  trials. 
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Successful  Trials 


Bias  (in  degrees) 


RMS 


Table  1  :  Comparison  of  performance  of  D-MNM  and  E- 
MNM. 


SNR 

Bias  (in  degrees) 

RMS 

(in  dB) 

D-MNM 

D-MNM 

E-MNM 

MUSIC 

0 

-0.1205 

0.1118 

-0.1178 

0.0983 

0.0876 

0.0786 

mi 

0.1594 

0.1486 

3 

-0.1029 

0.1027 

-0.0681 

0.0678 

0.0415 

0.0468 

BH 

0.1312 

0.1265 

5 

-0.0070 

0.0072 

-0.0964 

0.0838 

EH 

Hil 

■■ 

Ml 

-0.0063 

.  0.0111 

0.1322 

0.1189 

10 

gignfJs'S 

BBS 

-5.62e-4 

-1.19e-4 

KPS® 

0.0756 

0.0776 

bh 

15 

-7.10e-5 

-1.82e-4 

Rfl 

2.80e-5 

-9.05e-5 

m 

K 

M 

20 

-3.40e-6 

-7.76e-5 

-1.04e-5 

6.34e-5 

1.61e-5 

-5.23e-5 

0.0015 

0.0014 

30 

8.64e-6 

-1.77e-5 

2.18e-5 

-9. Ole-6 

3.35e-6 

-1.51e-5 

3.53e-4 

3.75e-4 

7.87e-4 

7.84e-4 

4.61e-4 

4.50e-4 

Table  2.  Comparison  of  Bias  and  RMS  values  for  three  methods 
with  500  independent  trials. 
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ESTIMATES  USING  KiSS-IQML 

_ 200  Independent  Trials  (SNR-SdB)  Rig  a 


ESTIMATES  USING  C-KiSS 
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Trials  With  Merged  Roots  Only  (SNR-10d8)  Fig. 
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abstract 

deeign°orcempoeite"Pl\m\naateas9efo?  consid®ration  in  the 
materials  offer  high  stiffnocc  ^  aircraft  structures.  Composite 
savings  over  metals.  Low-velocitv  imnao?^  *  s?-gnificant  weight 
insidious  problem  because  it  is  ^Jmage  ls  a  particularly 
inspection.  These  impacts  occur  <Lr1™ i£Ult  t0  detect  by  vlsual 
and  maintenance  operations  and  5.5  9 ,the  course  of  normal  flight 
dent  on  the  impact  surfa0e  But  th.r  leaVl  °nl.y  a  sma11'  fallow 

and  backface  damage  to t£e'  laming  rTY  5®  interior 
materials  for  impact  tolerance  it-  i*  In  °rder  to  design  composite 
to  model  composite  structures  and  =H  S  necessary  to  develop  methods 
describes  the  1?ads‘  A  contact  law 
object  into  the  target  and  fho  lndentation  °f  an  impacting 

Hertzian  theory  is  Sonlv  Led  %KranSmitted  force-  A  modified 

data  and  only  predicts  the  total5  “f?®1  reguires  experimental 
indentation.  For  more  accurate  do+-  tal*  1L°.rce  as  a  function  of 
cause  impact  damage,  a  contact  1  au^h tl°n  ?f  the  stresses  which 
of  force  in  the  contact  area  *hlch  Predicts  the  distribution 
such  as  finite  elemJnts  are  *Uffierical  techniques 
analyses  of  low-velocitv  nt  meth°ds  for  performing 
computer  technology  continues  to  evoi°ve  cf“Poslte  structures.  As 
and  evaluate  new  technimioo  e  ^v.e'  1S  necessary  to  develop 
integration  schemJs  aLTow  h*  solving  these  problems.  Explicit 
recognized  for  their  suDeriorL  ”9  ”lde^  available.  They  are 
explosions,  very  large  deflection^  problems  involving 
also  handle  contact  DrobleL *  high_speed  collisions.  They 
investigation  of  their  usefuTn^cf10,16^17  and  accurately,  si 
is  essential.  usefulness  on  low-velocity  impact  problems 
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CONTACT  LAW  AND  NUMERICAL 
MODELING  FOR  LOW-VELOCITY 
MODELING  OF  COMPOSITE  MATERIALS 

ROB  SLATER 

INTRODUCTION 

Composite  materials  are  frequently  considered  in  the  design  of 
aircraft  structures.  They  offer  high  stiffness  and  strength  at  a 
significant  weight  savings  over  metals.  There  are  distinct 
differences  in  the  design  criteria  for  metal  and  composite 
structures.  Fracture  and  fatigue  are  the  key  concerns  in  the 
service  life  of  metal  structures.  Design  of  composites  is  driven  by 
concerns  such  as  delaminations  at  the  discontinuities,  voids, 
wrinkles,  and  low-velocity  impact  by  foreign  objects.  Laminated 
composites  are  particularly  susceptible  to  low-velocity  impact 
damage.  These  impacts  occur  during  normal  operations  due  to  hail  or 
stones  blown  around  a  runway  by  jet  engines  or  during  maintenance 
operations  due  to  tool  drop  of  footsteps.  The  damage  mechanisms 
associated  with  low-velocity  impacts  include  matrix  cracking,  ply 
delamination,  and  fiber  breakage.  Delamination  is  particularly 
troublesome  because  serious  internal  and  back-face  damage  may  be 
present  even  though  the  damage  on  the  impact  face  appears  to  be 
quite  minor.  It  is  often  not  detected  during  routine  visual 
inspection  because  the  visible  damage  is  slight.  Significant 
reductions  in  strength  and  stiffness  may  result.  The  design 
criteria  for  composites  generally  require  tolerance  of  a  certain 
level  of  impact,  defined  either  as  an  impact  energy  or  a  maximum 
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surface  indentation,  which  must  be  tolerated  without  significant 
gradation  of  service  life.  The  simplest  measure  of  impact  is  the 
kinetic  energy  of  the  impactor;  i.e.  an  object  of  known  mass 
impacting  at  a  known  velocity.  Establishing  rational  design 
riteria  for  low-velocity  impacts  is  the  subject  of  numerous 
investigations.  Characterization  of  initial  damage  and  its 
propensity  to  propagate  under  service  loading  are  important 
considerations  in  the  development  of  the  design  criteria,  in 
addition,  impact  may  occur  at  any  point  of  a  structure,  so  a  panel 
designed  to  resist  impact  at  any  location.  There  are 
numerous  local  stress  raisers  in  actual  aircraft  panels  such  as 

ply  drops,  and  stiffeners  which  must  be  considered  in 
designing  for  impact  damage  tolerance.  It  is  prohibitively 
P  ve  to  perform  laboratory  tests  on  every  composite  panel 
configuration  in  an  aircraft  and  difficult  to  correlate  results 
from  coupon  tests  to  built-up  structures.  A  more  prudent  course  is 
elop  analytical  criteria  and  validate  them  with  experiments. 

In  order  to  design  for  impact  tolerance,  it  is  necessary  to 
evelop  methods  to  model  composite  structures  and  simulate  the 
loads.  Numerous  researchers  have  attempted  to  determine  a 
methodology  for  predicting  damage  in  a  composite  laminate  subject 
impact  [1-5].  There  are  a  number  of  variables  which  must  be 
considered  in  the  analysis  of  such  events.  Sensitivity  to  changes 
materials,  stacking  sequence  and  panel  thickness  are 
significant.  Boundary  conditions  in  numerical  models  and 
experimental  setups  are  difficult  to  match  except  by  trial  and 
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error.  Various  failure  theories  have  been  offered  to  predict  the 
size,  shape,  and  location  of  damage  for  a  given  state  of  stress, 
but  there  is  little  consensus  about  what  mechanisms  are  at  work.  In 
short,  no  general  method  exists  to  predict  damage  in  an  arbitrary 
composite  laminate  due  to  an  arbitrary  impact. 

The  objective  of  this  research  is  to  develop  a  simple 
analytical  method  for  determining  the  relationship  between 
distribution  of  contact  pressure  and  indentation  of  a  composite 
laminate  struck  by  a  spherical  impactor.  Along  with  such  a  contact 
law,  methods  of  modeling  the  behavior  of  composite  laminates  under 
impact  loading,  using  finite  elements  and  other  numerical  analysis 
tools  are  to  be  investigated. 
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SUMMARY  OF  RESEARCH 


The  research  conducted  this  summer  was  under  the  supervision 
of  Dr.  Ronald  Huston,  Professor  of  Mechanics  at  the  University  of 
Cincinnati.  Dr.  V.B.  Venkayya,  WL/FIBR,  was  the  focal  point  for  the 
research  at  Wright-Patterson  Air  Force  Base.  Dr.  Greg  Schoeppner, 
WL/FIBC,  was  also  a  major  contributor  of  technical  advice  and 
direction.  The  work  explored  several  issues  concerning  low-velocity 
impact  of  composites.  First,  a  comprehensive  review  of  existing 
literature  was  performed,  focusing  on  the  following  topics: 

1)  Analytic  Models 

2)  Numerical  Models 

3)  Contact  Law 


4)  Damage  Prediction 

5)  Residual  Strength 

Analytic  models  concern  mainly  plate  theories  which  are 
suitable  for  modeling  laminated  composites.  It  is  generally 
accepted  that  transverse  shear  stresses  are  a  key  concern  for 
impact  problems.  The  simpler  plate  theories  do  not  accurately 
predict  these  stresses  and  thus  have  limited  usefulness  in  solving 
impact  problems,  it  is  normally  necessary  to  use  more  complex 
theories.  Noor  and  Burton  published  a  survey  article  "Assessment  of 
Shear  Deformation  Theories  for  Multilayered  Composite  Plates"  [6] 
Which  lists  and  compares  numerous  methods.  Several  of  the  plate 
theories  were  reviewed  more  closely  in  order  to  determine  which  are 
most  appropriate  for  solution  of  low-velocity  impact  problems. 
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A  suitable  model  for  the  laminate  must  be  determined.  The 
complexity  of  this  model  depends  strongly  on  the  type  of 
information  desired.  If  the  gross  response  of  the  panel  is  all  that 
is  required,  a  smeared  plate  theory  may  be  sufficient.  But  if 
damage  is  to  be  predicted,  a  discrete  laminate  theory  is  necessary 
to  evaluate  the  stresses  layer-by-layer  through  the  thickness.  The 
commonly  used  first-order  shear  deformation  plate  theories  lead  to 
discontinuities  in  the  stresses  at  the  interfaces,  so  a  more 
computationally  intense  formulation  is  required. 

Finite  element  methods  were  the  focus  of  research  on  numeric 
methods.  Some  simple  analyses  were  performed  using  NASTRAN  at 
Wright-Patterson  AFB  in  1992.  These  demonstrated  the  general 
feasibility  of  performing  impact  analyses  using  general-purpose 
finite  element  programs  but  revealed  that  modeling  techniques  would 
require  further  development  to  provide  highly  accurate  simulations. 
The  ANSYS  finite  element  package  has  better  non-linear  capabilif 
than  NASTRAN  and  includes  some  elements  specifically  designed  for 
contact  problems,  including  non-linear  springs,  gap  elements,  and 
contact  surfaces. 

Finite  element  methods  have  frequently  been  used  to  evaluate 
the  stress  field  in  an  impacted  laminate  and  correlate  levels  of 
stress  components  to  experimentally  observed  damage  [7-9].  The 
stress  gradients  are  very  high  in  the  region  where  the  impactor 
strikes  the  target  and  the  immediate  vicinity,  so  in  order  to  find 
the  stresses  accurately,  a  refined  element  mesh  is  required.  The 
contact  force  should  be  distributed  over  the  numerous  nodes  of  this 
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region.  As  with  all  analyses  involving  contact,  problems  arise  in 

predicting  the  site  of  the  contact  area  because  it  varies  non- 
linearly  with  transmitted  force. 

The  two  codes  previously  mentioned  use  implicit  schemes  to 
integrate  the  equations  of  motion  for  dynamic  analyses.  These 
methods ,  such  as  the  Newmark  method,  are  unconditionally  stable  so 
the  user  may  select  the  time  step  according  to  the  desired  accuracy 
of  the  solution.  Stiffness  and  mass  matrices  must  be  assembled  and 
a  system  of  simultaneous  equations  are  solved  for  each  time  step. 

models  with  a  moderate  number  of  degrees  of  freedom  or 
solutions  in  which  a  very  small  time  step  is  not  required,  these 
methods  work  well.  But  for  large,  complex  models  and  high-speed 
y  mics  problems,  the  solutions  become  expensive  due  to  issues  of 

temporary  storage  for  the  large  matrices  and  the  CPU  time  needed  to 
perform  the  matrix  operations. 

For  such  problems,  explicit  integration  schemes  present  an 
alternative.  These  methods,  including  the  central  Difference 
are  very  efficient  for  analyses  involving  high-speed 
dynamics,  contact  and  separation  of  bodies  or  surfaces,  and  large 
deformations  of  impacting  bodies.  Explicit  methods  have  a  minimum 
time  step  associated  with  them  to  insure  stability.  It  is  often  one 
or  two  orders  of  magnitude  smaller  than  might  be  chosen  for  an 
implicit  scheme,  but  explicit  methods  do  not  require  assembly  and 
inversion  for  each  time  step.  Lumped  mass  matrices  are  also 
employed.  The  equations  corresponding  to  each  degree  of  freedom  are 
uncoupled,  so  only  vector  operations  are  necessary. 
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Explicit  finite  element  codes  for  commercial  use  have  only 
recently  become  available,  for  example  in  the  forms  of  MSC/DYTRAN 
and  ABAQUS/ Explicit,  and  no  research  is  known  which  compares  the 
efficiency  of  these  schemes  to  the  more  established  implicit  codes 
for  solution  of  low-velocity  impact  problems.  It  is  established 
that  explicit  schemes  are  preferable  for  high-speed  collisions  such 
as  bird  strikes  on  airplanes  or  ballistic  impacts,  and  implicit 
methods  are  more  efficient  for  low-speed  and  quasi-static  events. 
Low-velocity  impacts  on  laminated  composites  fall  into  a  gray  area 
between  these  two  extremes.  The  low  impact  velocities  suggest  the 
use  of  implicit  methods.  However,  it  is  necessary  to  use  a  refined 
element  mesh  in  the  contact  area  for  impact  problems,  because  the 
magnitude  of  the  stress  gradients  with  respect  to  the  spatial 
coordinates  is  large.  A  large  number  of  degrees  of  freedom,  and  the 
fact  that  the  explicit  packages  often  include  more  sophisticated 
modeling  options  specifically  designed  for  impact  problems,  suggest 
that  explicit  codes  may  be  preferable. 

Contact  law  refers  to  the  relationship  between  the  indentation 
of  the  impacting  body  into  the  target  and  the  transmitted  force. 
The  distribution  of  the  contact  force  on  the  surface  of  the  targe 
is  difficult  to  calculate.  It  is  theoretically  infinite  for  the 
initial  point  impact,  but  then  spreads  out  over  a  growing  finite 
area.  Strain  rate  effects  and  plastic  or  brittle  behavior  of  both 
the  impactor  and  the  target  materials  are  important,  as  there  have 
been  instances  observed  in  which  multiple  contacts  occur  during  a 
single  impact  event  [10].  The  force-indentation  relationship 
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changes  during  unloading  and  reloading. 

Analysis  of  oontaot  between  two  bodies  dates  baok  to  the  work 
of  Hertz  in  the  late  19th  century  £11].  Today  many  of  these  same 

solutions  form  the  basis  of  contact  laws  for  composites.  The  basic 
form  of  the  results  are: 


F=kan 

F  =  contact  force 
k  =  contact  stiffness 
a  =  indentation 
n  =  constant 

Unfortunately,  composite  materials  have  characteristics  which 
often  invalidate  the  assumptions  necessary  to  solve  the  equations 
analytically.  A  composite  lamina  is  highly  orthotropic,  and 
exhibits  strain-rate-dependent  effects.  For  most  impacts  the 
stresses  will  be  large  enough  to  cause  the  target  material  to  fail 
locally  like  a  brittle  material  so  this  behavior  must  be  inoluded 
in  the  model.  Friotion  between  the  impaotor  and  target  on  the 
surface  adds  tangential  forces. 

For  these  reasons  experimental  force-indentation  data  do  not 
agree  well  with  the  classic  Hertzian  law.  Researchers  have  thus 
turned  to  experimentally  determined  contact  laws  for  purposes  of 
modeling,  a  relationship  developed  by  Tan  and  Sun  [12]  has  become 
widely  accepted  as  accurate  and  is  frequently  cited  in  publications 
by  other  authors,  it  is  assumed  that  during  the  initial  loading  of 
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an  undamaged  laminate  force  versus  indentation  obeys  the  Hertzian 
relationship  with  a  nonlinear  (3/2)  power.  The  stiffness  of  the 
laminate  is  unique  to  each  material  and  stacking  sequence  and  is 
determined  by  fitting  a  curve  to  experimental  data.  Upon  unloading, 
the  relationship  is  different.  The  force  is  a  function  of  the 
maximum  force  during  the  loading  phase,  indentation  depth  and  the 
critical  indentation.  Critical  indentation  defines  the  depth  at 
which  permanent  deformation  begins  and  must  be  determined  by 
experiment  for  each  material  and  stacking  sequence. 

For  certain  ratios  of  impactor  mass/velocity  and  target 
stiffness,  multiple  contacts  occur.  The  impactor  transfers  the 
majority  of  its  momentum  to  the  laminate,  which  then  breaks  contact 
with  the  now  relatively  slow-moving  impactor.  As  the  target 
rebounds  from  its  maximum  displacement  (it  essentially  vibrates 
freely),  it  re-contacts  the  impactor  before  the  impactor  bounces 
clear  of  the  target.  The  contact  law  has  yet  a  third  relationship 
for  this  reloading  phase.  It  was  found  that  the  3/2  power 
relationship  no  longer  holds.  Again  the  exponent  must  be  found 
experimentally,  and  often  2  or  5/2  fits  the  data  better.  Results 
from  tests  such  as  these  are  frequently  used  by  other  investigators 
as  the  contact  law  of  choice  in  their  models.  The  obvious 
disadvantage  of  this  method  is  that  the  tests  require  expensive 
equipment,  expertise,  and  large  amounts  of  time  to  perform.  For 
every  combination  of  impactor  and  target  material  (including 
stacking  sequence)  and  geometry,  a  separate  test  is  required. 
Investigators  who  do  not  have  the  facilities  available  to  perform 
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their  own  tests  are  limited  to  scarce  published  data. 

Somprakit  and  Huston  have  developed  a  numerical  method  for 
determining  displacements,  stresses,  and  distribution  of  contact 
force  between  contacting  cylinders  [13].  It  is  an  iterative 
numerical  procedure  based  upon  fundamental  solutions  from  the 
theory  of  elasticity,  in  this  technique  the  cylinders  are  of 
infinite  length;  it  is  a  2-D  analysis.  The  contact  surface  is 
discretized  in  the  x  (transverse)  direction,  and  the  stresses  are 
found  m  the  x  and  z  (depth)  directions.  The  problem  of  a  spherical 
impactor  on  a  flat  plate  can  be  solved  in  an  analogous  manner.  The 
contact  area,  rather  than  being  defined  by  its  width,  is  defined  by 

For  now,  oblique  impacts  are  not  considered.  In  the 
Somprakit  ahd  Huston's  analysis,  the  infinite  length  of  the 
cylinders  allows  the  problem  to  be  simplified  to  one  of  two 

In  the  impact  problem,  axisymmetry  is  assumed  to 
simplify  the  equations. 

owledge  of  the  relationship  between  the  indentation  of  the 
impacting  body  in  the  target  and  the  magnitude  and  distribution  of 
the  contact  force  is  essential  for  accurate  modeling  and 
determination  of  the  stresses  which  cause  damage.  A  contact  law 
which  predicts  total  force  without  the  details  of  its  distribution 
y  be  sufficient  to  model  the  gross  deformations  of  the  target 
under  impact  loading,  but  will  not  allow  a  model  to  be  as  accurate 
in  predicting  the  stresses  which  cause  the  matrix  cracking  and 
delaminations  representative  of  low-velocity  impact. 

Damage  prediction  is  an  area  which  many  researchers  have  made 
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considerable  efforts.  For  a  given  state  of  stress  in  a  laminate,  a 
model  must  be  capable  of  predicting  the  onset  and  propagation  of 
damage.  Matrix  cracking,  ply  delamination,  and  fiber  breakage  are 
the  normal  sequence  in  which  damage  takes  place  during  a  low 
velocity  impact  event.  Properties  of  the  laminate  will  change  as 
damage  occurs,  so  the  model  must  be  continually  updated  (in 
temporal  sense)  as  the  analysis  proceeds.  Knowledge  of  the 
material's  behavior  beyond  the  elastic  range  and  its  fracture 
characteristics  are  needed.  The  damage  modeling  must  deal  with 
failed  material  (cracked  matrix  and  broken  fibers)  by  either 
removing  it  or  treating  it  with  revised  properties,  and  also  with 
changing  laminate  properties. 

A  recent  paper  by  Choi  and  Chang  of  Stanford  [3]  proposes  two 
mechanisms  by  which  delaminations  occurs.  Both  are  the  result  of 
matrix  cracking.  In  the  inner  layers  a  "shear  matrix  crack" 
generates  delamination  which  propagate  unstably.  A  small  stable 
delamination  occurs  at  the  interface  above  the  cracked  layer,  and 
the  larger  unstable  delamination  occurs  at  the  interface  below 
delamination  is  governed  by  the  interlaminar  shear  stress  in 
fiber  direction  of  the  layer  below  (ff»)  and  the  interlaminar  shear 
stress  in  the  direction  normal  to  the  fibers  (oyl)  in  the  layer 
above  the  delaminated  interface.  The  critical  matrix  crack  is  in 

this  upper  layer. 

in  the  layers  toward  the  bottom  "bending  matrix  cracks"  occur 
and  stable  delamination  at  the  interface  is  seen.  Again  the 
delamination  is  governed  by  the  transverse  shear  stress  m  the 
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fiber  direction  (o„)  in  the  leyer  below  the  interface  but  it  in  the 

upper  layer  it  is  the  transverse  in-plane  stress  normal  to  the 
fibers  (<?„,)  which  contributes. 

either  type  of  delamination,  matrix  cracking  is  the  event 
which  triggers  delamination.  So,  failure  criteria  incorporating  the 
named  above  are  presented  to  predict  matrix  cracking  and 
subsequently  the  positions  and  sizes  of  the  delaminations. 
Experimental  data  is  presented  to  verify  the  model. 

An  interesting  analytical  theory  has  been  developed  by  Liu  [4] 
which  predicts  the  oft-seen  lemniscular  or  "peanut”  shaped 
delaminations  associated  with  low  velocity  impact.  This  is  based  on 
the  quantity  known  as  the  mismatch  angle,  which  is  the  difference 
in  fiber  orientation  between  adjacent  lamina  in  a  laid-up  composite 
structure.  A  mismatch  coefficient  is  derived  from  the  difference  in 
ing  stiffnesses  of  the  upper  and  lower  lamina  at  an  interface 
Which  predicts  the  relative  area  and  orientation  of  the 
delamination.  For  an  interface  where  the  adjoining  layers  are 
in  the  same  direction,  no  delamination  is  predicted,  which 
is  consistent  with  experimental  evidence  that  delamination  only 
exists  where  the  fibers  change  orientation.  The  effects  of  material 
properties,  laminate  thickness,  and  impact  energy  are  discussed. 

A  great  amount  of  test  data  has  been  gathered  and  published  by 
researchers  but  there  is  yet  to  be  an  accepted  measure  of  impact 
performance  that  is  independent  of  the  test  method  details  (5).  The 
variations  in  impactor  mass  and  size,  impactor  velocity,  test 
specimen  size  and  boundary,  et  cetera  are  so  wide  that  no 
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coordinating  theory  has  been  derived  to  predict  the  behavior  for 

any  given  set  of  impact  parameters. 

The  purpose  of  damage  prediction  is  to  be  able  to  design 

composite  structures  which  are  tolerant  to  foreseeable  impact 
events.  Low  velocity  impacts  an  aircraft  might  experience  include 
tool  drop,  hail,  footsteps,  and  runway  debris.  If  damage  can  be 
predicted,  then  the  properties  of  the  composite  structure  post¬ 
impact  can  be  characterized  also  in  order  to  estimate  the  residual 
strength  and  stiffness.  Laminates  may  suffer  a  significant 
degradation  of  their  properties  due  to  low  velocity  impact,  and  to 
design  structures  that  can  survive  such  impacts,  one  must  be  able 

to  predict  the  damage  which  is  likely  to  occur. 

The  determination  of  residual  properties  has  been  undertaken 
by  many  investigators.  The  strength  of  damaged  laminates, 
particularly  in  compression,  is  an  important  field  of  study.  Since 
low  velocity  impact  damage  can  extend  such  a  relatively  long 
distance  from  the  impact  site,  strength  can  be  reduced  much  more 
than  for  the  case  of  a  penetrating  impact.  Similarly  stiffness  can 

be  change  significantly  due  to  back-ply  damage. 

Frequently  there  is  a  loss  of  symmetry  in  a  laminate  due  to 
impact  damage.  This  introduces  bending-stretching  coupling.  The 
vast  majority  of  composite  laminates  are  laid  up  symmetrically 
about  the  mid-plane  in  order  to  eliminate  coupling  of  the  bending 
and  extensional  strains.  This  greatly  simplifies  the  analysis  of 
such  laminates .  But  when  damage  occurs  the  symmetry  is  lost  and  the 
behavior  of  the  laminate  may  change  drastically. 
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The  effects  of  impact  damage  on  tensile  strength  has  been 
investigated  by  El-Zein  and  Reif snider  [14).  They  hypothesized  that 
residual  strength  is  controlled  by  stress  concentration  effects  in 
the  immediate  vicinity  of  the  damaged  region.  A  complex  variable 
solution  based  on  Lekhnitskii's  problem  of  an  anisotropic  plate 

with  an  elliptical  inclusion  is  derived,  and  the  results  agree 
fairly  well  with  experiment. 


The  change  in  compression  strength  after  impact  is  a  more 
widely  reported  phenomenon.  Dost,  Ilcewicz,  and  Gosse  presented  a 
sublaminate  stability  based  approach  to  predict  damage  tolerance 
(i.e.  post-impact  strength)  [15],  This  approach  does  reguire  an 
accurate  description  of  the  state  of  the  damage  inside  the  plate. 
Further  it  was  noted  that  there  were  significant  differences  in 
residual  strength  between  experimental  coupons  and  actual  composite 
structures  due  to  finite  width  effects  in  the  test  specimens.. 

Buckling  of  delaminated  composites  is  a  third  failure  mode. 
Global  buckling  is  the  same  mode  as  occurs  in  undamaged  panels,  but 


may  occur  at  markedly  smaller  load  levels  when  damage  is  present 
to  loss  of  stiffness  and  the  previously  mentioned  bending¬ 
stretching  coupling.  The  phenomenon  of  local  or  delamination 
ling  is  strictly  related  to  delaminations  near  the  free  surface 
of  the  laminate.  Under  load  the  delaminated  region  may  buckle  while 
the  rest  of  the  laminate  remains  stable,  chai  and  Babcock  [is] 
modeled  an  anisotropic  layer  separated  from  a  thick  isotropic  base 
laminate.  The  delamination  is  elliptic  in  shape  and  the  material 
axes  coincide  with  the  ellipse's  axes.  The  buckling  for  the  damaged 
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region  by  the  Rayleigh-Ritz  method  and  propagation  of  the 
delamination  area  is  predicted  via  a  fracture  mechanics  approach. 
Results  show  stable,  unstable,  or  unstable  growth  with  crack  arrest 
depending  on  material  properties  and  orientation,  loading,  and 

fracture  energy. 

Davidson  [17]  considered  failure  of  a  damaged  laminate  by  all 
three  failure  modes:  compression,  global  buckling,  and  delaminat' 
buckling.  Buckling  loads  are  calculated  by  applying  the  Trefftz 
criterion  to  governing  equations  found  from  the  Rayleigh-Ritz 
method  and  compression  failure  by  a  modified  maximum  strain 
criterion.  If  the  initial  failure  is  delamination  buckling,  that 
layer  is  removed  (it  carries  no  load),  the  laminate  properties  a 
recalculated,  and  the  loading  sequence  is  continued  until 
catastrophic  failure  (compressive  or  global  buckling)  is  reached. 

Davidson  compared  five  analyses  (two  performed  by  himself  a 
three  reported  by  other  researchers  including  Chai  and  Babcock)  to 
experimental  results.  He  found  only  one  gave  conservative 
predictions  of  buckling  loads.  The  remaining  four  over-estimated 
the  failure  loads.  The  model  which  gave  conservative  results 
employed  the  reduced  bending  stiffness  approximation.  The  [D] 
matrix  is  replaced  by  a  matrix  [D*]  defined  as  [D  ]  =  [D] -[B] [A]  [B] 
for  cases  where  the  coupling  matrix  [B]  is  non-zero.  The  analysis 
is  then  performed  as  though  the  laminate  was  symmetric. 

It  was  discovered  that  under  certain  conditions  delamination 
buckling  can  occur  under  tensile  loading.  The  fibers  in  a  lamina 
normally  have  a  small  Poisson's  ratio,  approximately  one  order  of 
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magnitude  smaller  than  the  matrix  material  or  a  quasi-isotropic 
laminate.  When  the  fibers  in  a  delaminated  layer  are  oriented 
normal  to  a  tensile  load,  both  the  delamination  and  the  base 


undergo  lateral  contraction.  Due  to  the  mismatching  of  the 

Poisson's  ratios,  the  delaminated  region  experiences  compression 

and  the  base  tension.  Thus  buckling  may  occur  under  loading  cases 
when  it  is  not  expected. 


Of  these  five  areas  that  were  reviewed,  those  concerning  the 
ynamic  response  of  laminated  plates  and  residual  strength  of 
damaged  composites  seem  to  be  the  furthest  developed.  Plate  theory 
a  topic  of  great  interest  even  before  the  development  of 
composites.  The  extension  of  research  on  these  materials  has 
paralleled  their  increasing  use  in  engineered  structures.  Residual 
strength  models  have  not  received  the  same  volume  of  attention,  but 
researchers  have  been  able  to  demonstrate  the  capability  to  predict 
post-impact  characteristics  for  composite  laminates  with  known, 
although  admittedly  simplistic,  damage  states.  Damage  prediction 
has  recently  been  the  focus  of  several  researchers.  Unfortunately 
the  state  of  the  art  is  not  as  advanced  as  for  the  first  two 
topics.  Several  different  theories  have  been  proposed  to  predict 
the  onset  of  damage  at  a  specified  level  of  stress  in  a  laminate. 
The  focus  of  this  effort  has  been  in  the  two  remaining  categories, 
contact  law  and  numerical  modeling  of  impact  events. 

Contact  law  appears  to  be  an  area  which  has  not  received  as 


32-18 


much  attention  from  researchers  as  the  other  aspects  of  impact 
analysis,  but  there  are  still  questions  which  remain.  New  numerical 
techniques,  particularly  from  the  finite  element  community,  need  to 
be  investigated  to  determine  their  applicability  to  impact 
analysis.  A  new  method  for  analytically  developing  a  contact  law 
has  been  the  major  thrust  of  the  work.  The  advantage  this  new 
technique  will  bring  is  that  it  will  predict  the  distribution  of 
contact  pressure  between  an  impactor  and  a  target,  not  just  the 
total  force.  Current  relationships  only  calculate  the  total  force 
versus  indentation.  When  incorporated  into  models  in  which  the 
contact  region  is  discretized  into  numerous  sub-regions,  such 
methods  cannot  be  used  without  subsequent  assumptions  concerning 

the  allocation  of  the  force. 

The  advancement  of  numerical  analysis  techniques  which  will 
take  full  advantage  of  such  a  contact  law  naturally  follows.  As 
computing  speeds  and  capabilities  grow  in  a  general  sense, 
development  of  specific  methods  for  solving  impact  problems 

deserves  attention. 

The  contact  law  under  development  is  based  upon  the  theory  of 
elasticity.  For  cases  involving  torsionless  axisymmetry,  solutions 
can  be  found  for  a  host  of  loading  and  boundary  conditions  [18].  By 
a  series  of  derivations  the  problem  of  a  constant  distributed  load 
over  a  finite  radius  acting  on  an  isotropic  half  space  can  be 
solved.  This  pressure-displacement  relationship  is  the  basis  for 
the  contact  law.  The  solutions  show  that  stresses  diminish  rapidly 
at  distances  a  few  contact  radii  from  the  original  contact  point, 
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30  the  aSSUmPti°n  °f  a  semi-infinite  target  to  represent  a  plate 
give  more  accurate  results  for  thicker  laminates.  Axisymmetry 
is  utilised  to  reduce  the  problem  from  that  of  three  dimensions  to 
two.  Thus,  the  contact  surface  can  be  modeled  as  a  single  radial 
line.  Since  the  surface  ply  of  a  composite  laminate  is  orthotropic, 
modifications  must  be  made  to  account  for  the  assumption  of 
isotropy.  The  equations  upon  which  the  analysis  is  based  follow: 


,  for  r  <  p 


4M-v2)Pr 


jV''(r)2si 


sin2<t>d<t  -  n-f  ^ \2 


1(^)2sin2e 


,  for  r  >  p 


P  =*  constant  pressure 
p  =  radius  of  area  over  which  pressure  acts 
E,v  »  material  properties  of  hatf-space 


S  =>  transverse  deflection 
r » radial  coordinate 


contact  area  is  represented  by  N  overlapping  constant 
pressure  elements  extending  radially  from  the  axis  of  symmetry. 
There  is  one  node  common  to  all  elements  at  the  center  of  the  area. 
The  second  node  of  each  element  discretizes  the  contact  area  into 
regularly  spaced  sub-radii.  Each  node  has  a  single  translational 
degree  of  freedom  in  the  transverse  direction.  Influence 
f f icients  relating  the  elemental  pressures  to  the  nodal 
displacements  are  derived  from  the  elasticity  equations.  A  set  of 
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initial  displacements  is 
parameters  of  the  problem. 


determined  based  on  the  user-specified 


At  the  end  of  each  iteration,  the  validity  of  the  solution  is 
checked  based  on  three  criteria: 

1)  Equilibrium 

The  sum  of  the  elemental  pressures  multiplied  by  their 
corresponding  areas  must  equal  the  applied  force. 

2)  Edge  Pressure 

The  pressure  in  the  outermost  element  must  approach  zero 
at  the  edge  of  the  contact  zone.  Since  the  contact  area 
is  divided  into  discrete  areas,  the  pressure  in  this 
element  cannot  equal  zero,  or  else  there  would  be  no 

contact . 
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3)  Contact/Separation 

There  must  be  continuous  contact  between  the  target  and 

impactor  in  the  assumed  contact  region  and  separation 

outside  the  contact  region.  For  the  geometry  chosen,  a 

spherical  impactor  on  a  flat  target,  contact  cannot  be 

broken  at  a  given  radius  and  re-established  at  a  greater 
radius. 

When  these  three  conditions  are  satisfied  a  solution  has  been 
found  and  iteration  stops,  it  was  found  that  satisfying  all  three 
conditions  simultaneously  is  difficult  due  to  the  non-linearity  of 

the  problem.  Specifically,  the  size  of  the  contact  area  varies 
rapidly  with  changing  load. 

The  original  solution  method  relied  on  a  heuristic  approach  to 

lving  the  equations.  But  the  rate  of  convergence  depended  very 

ngly  on  the  initial  estimate  of  the  displacements.  In  an  effort 

find  more  accurate  solutions,  optimization  methods  were 
investigated. 

Optimization  refers  to  any  of  a  number  of  algorithms  which 
seek  to  minimize  a  mathematical  function,  called  the  objective 
function,  in  addition,  extra  requirements  to  be  satisfied,  known  as 
constraints,  may  be  placed  on  the  solution.  The  parameters  from 
which  the  objective  function  and  constraints  are  constructed  are 
the  design  variables.  Although  mathematical  in  theory,  optimization 
techniques  have  been  of  great  interest  to  engineers  as  a  means  of 
lving  difficult  systems  of  non-linear  eguations  which  frequently 
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arise,  or  for  finding  the  "best"  solution  to  a  problem  of  many 
variables  which  has  no  exact  solution.  If  the  important  physical 
phenomena  in  an  engineering  system  can  be  accurately  described  by 
an  objective  function  and  constraints,  a  numerical  method  can  often 
be  found  which  will  provide  satisfactory  solutions  when  analytical 

methods  do  not. 

For  the  contact  problem,  several  equations  have  been  derived 
relating  surface  pressure  and  displacement.  It  is  desirable  to  use 
these  equations  as  the  basis  for  the  objective  function  and 
constraints,  since  they  are  known  to  govern  the  physical  system. 
For  a  similar  contact  problem,  optimization  techniques  were  applied 
to  the  Rayleigh-Ritz  method  [19].  Rayleigh-Ritz  is  an  energy  method 
which  requires  a  mathematical  function  to  describe  the  internal 
strain  energy  of  the  elastic  body.  It  was  noted  that  it  is 
difficult  to  find  a  function  which  satisfies  the  kinematic  boundary 
conditions  for  a  contact  problem  and  gives  reasonable  solution 

accuracy. 

The  first  approach  is  to  make  the  objective  function  by 
rearranging  the  equilibrium  equation.  The  optimization  routine 
would  seek  to  minimize  the  absolute  value  of  the  difference  between 
the  sum  of  the  pressures  multiplied  by  their  respective  areas  and 
the  applied  force.  The  conditions  of  the  edge  pressure  approaching 
zero  and  the  contact/ separation  condition  would  be  imposed  as 
constraints.  A  second  approach  would  be  to  use  the  edge  pressure 
criterion  as  an  objective  function,  and  the  other  two  as 
constraints. 


32-23 


The  computer  modeling  research  focused  on  using  a  finite 
element  employing  an  explicit  time  integration  scheme  for  solution 
of  the  equations  of  motion.  Specifically,  the  DYNA3D  code  developed 
at  Lawrence  Livermore  National  Laboratories  was  used.  The  Ohio 
supercomputer  Center  made  available  its  Cray  Y-MP  8/264  computer 
for  this  phase  of  the  research.  Dr.  David  Lemmon  of  the  University 
of  Cincinnati  was  instrumental  in  this  effort,  both  in  obtaining 
the  grant  of  the  resources  and  his  technical  expertise. 

DYNA3D  has  considerable  capabilities  for  solving  engineering 
problems,  but  it  lacks  a  pre-processor  for  building  finite  element 
models.  The  I-DEAS  package  developed  by  Structural  Dynamics 
Research  Corporation  was  used  for  pre-processing.  Dr.  Lemmon 
provided  a  translator  which  converts  data  stored  in  an  I-DEAS 
universal  file  to  a  DYNA3D  input  deck.The  case  that  was  chosen  to 
be  modeled  was  a  spherical  impactor  dropped  on  a  composite  plate. 
This  event  has  been  analyzed  by  many  researchers  and  can  be  most 
easily  recreated  in  a  laboratory  experiment.  Although  the  geometry 
of  the  model  is  uncomplicated,  it  incorporates  several  features 
which  are  necessary  in  order  for  DYNA3D  to  be  able  to  solve  the 
problem,  such  as  compatibility  of  element  size  on  the  contact 
surfaces  of  the  impactor  and  target,  without  this  precaution,  a 
valid  input  deck  will  be  written  but  fatal  errors  will  be 
encountered  during  the  solution,  wasting  computer  time  and 
necessitating  correction  of  the  model,  it  is  also  necessary  to 
specify  entities  in  the  I-DEAS  model  which  will  be  used  to  define 
sliding  interfaces,  initial  velocities,  and  material  models  in 
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DYNA3D.  The  translator  writes  the  vast  majority  of  the  input  cards 
for  the  analysis.  It  transfers  all  the  geometry,  nodes,  and 
elements  directly  and  allows  the  user  to  easily  create  the  sliding 
interfaces,  initial  conditions,  and  material  models  if  the 
appropriate  groups  of  nodes  and  elements  are  contained  in  the 

universal  file. 

The  DYNA3D  input  deck  must  be  edited  to  alter  the  job  control 
cards  at  the  beginning  of  the  deck  and  to  edit  the  material  cards 
to  include  the  composite.  The  translator  does  not  handle  composite 
materials.  Individual  ply  properties  and  stacking  sequence  must  be 
input,  and  a  user-defined  integration  rule  defining  the  number  of 
through-the-thickness  integration  points  must  be  specified.  Damage 
is  included  in  the  material  model.  For  solid  elements,  one  of  a 
number  of  widely-recognized  composite  failure  theories  can  be 
chosen.  For  shell  elements,  which  were  used  for  this  analysis, 
individual  failure  theories  detecting  matrix  cracking,  matrix 
crushing,  ply  delamination,  and  fiber  breakage  are  checked  at  each 
time  step.  If  failure  by  any  mode  is  predicted,  the  material 
properties  associated  with  that  failure  in  the  particular  elements 
are  reduced  to  zero  over  the  next  one  hundred  time  steps  in  order 
to  reduce  numerical  difficulties  stemming  from  the  sudden  release 
of  strain  energy.  At  this  stage  of  the  research  however,  damage  was 
not  to  be  considered  so  the  strengths  of  the  material  were  made 

artificially  high  to  prevent  failure. 

The  work  using  DYNA3D  was  undertaken  only  recently  and  is 
ongoing.  At  present,  there  has  been  success  in  the  modeling  phase 
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and  in  performing  analyses  for  isotropic  materials,  such  as  a  steel 
impactor  striking  a  steel  plate.  The  companion  post-processor  to 
DYNA3D,  called  TAURUS,  can  be  used  to  display  results,  and  it  is 
also  possible  to  import  the  results  into  a  more  sophisticated  post¬ 
processing  program  such  as  I-DEAS.  But  when  a  composite  plate  is 
analysed,  the  solution  encounters  numerical  difficulties  during  the 

analysis  and  aborts,  it  is  believed  that  this  is  due  to  problems 
with  the  sliding  interfaces. 

Sliding  interfaces  are  specified  in  DYNA3d  to  define  contact 
surfaces  on  bodies  which  cannot  penetrate  one  another.  There  are 
several  assorted  types  of  interfaces  available  which  use  different 
mathematical  formulations  to  enforce  the  contact  conditions.  In 
general  groups  of  nodes  and/or  elements  are  chosen  to  define  master 
and  slave  surfaces  which  describe  the  contact  surfaces. 

Two  type  of  interfaces  are  considered  for  this  problem,  both 
penalty  formulations.  The  ..sliding  with  separation  and  friction', 
option  is  most  general.  It  includes  friction  and  allows  the  two 
specified  surfaces  (shell  elements  of  the  target  plate,  surface 
faces  of  the  solid  elements  of  the  impactor)  to  contact  and 
separate  arbitrarily,  it  does  not  matter  which  of  the  two  surfaces 
is  selected  as  the  master  and  slave.  For  the  "discrete  nodes 

impacting  surface"  option,  the  slave  group  is  not  a  surface,  but 
rather  a  set  of  nodes  [20] . 

Each  of  the  available  types  of  sliding  interfaces  has  its  own 
idiosyncrasies.  some  are  more  robust  than  others  so  some 
experimentation  is  necessary  to  determine  which  are  compatible  with 
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the  composite  materials. 


CONCLUSIONS 


During  the  summer  Research  Extension  Program  a  thorough  review 
istmg  research  in  several  areas  concerning  low-velocity 
impact  of  composite  materials  was  performed.  Based  on  this  review, 
the  focus  of  the  new  research  was  chosen  to  be  the  topics  of 
contact  law  and  numerical  modeling.  A  new  technique  for  determining 
the  contact  force-indentation  relationship  for  low-velocity  impact 
of  composite  materials  has  been  under  development.  This  contact  law 
is  critical  for  modeling  of  impact  events.  Present  methods  require 
experimental  results  to  determine  several  parameters.  Different 
combinations  of  impactor  and  target  materials  require  separate 
tests.  Due  to  the  non-linearity  of  the  contact  phenomenon,  it  is 
very  difficult  to  extrapolate  results  or  predict  behavior  when  no 
experimental  results  are  available. 

The  new  method  also  gives  information  about  the  distribution 
of  the  contact  pressure  underneath  the  impactor.  This  is 
particularly  useful  for  performing  finite  element  analyses  where 
the  contact  forces  must  be  applied  at  several  discrete  points.  The 
stress  gradients  are  extremely  high  in  the  contact  tone,  so  in 
order  to  accurately  model  impact  and  be  able  to  track  the  stresses 
which  initiate  damage,  this  type  of  precision  is  necessary.  The 
contact  laws  which  are  currently  used  do  not  provide  such 
information.  A  computer  program  is  under  development  which  seeks  to 
amount  of  experimental  data  necessary  for  modeling  of 
impact  events.  The  method  is  based  upon  equations  derived  from  the 
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theory  of  elasticity.  An  experimental  plan  for  validating  the 
theoretical  aspects  of  this  method  will  be  proposed. 

Numerical  methods  were  investigated  to  study  impact  and 
contact  problems.  These  include  modeling  for  commercially  available 
codes  such  as  ANSYS,  which  solves  transient  dynamics  problems  with 
a  conventional  implicit  solution  scheme,  and  DYNA3D,  which  uses  an 
explicit  scheme  to  solve  the  system  of  equations.  The  explicit 
solution  method  is  advantageous  for  problems  involving  high- 
velocities  and/or  large  deformation.  For  a  low-velocity  impact 
problem,  it  is  not  clear  which  method  will  have  the  advantage  in 

computation  cost. 
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Abstract 

Under  this  research  contract  a  theoretical  study  has  been  carried  out  that  shows 
an  excellent  potential  of  detecting  small  internal  defects  in  multilayered  plates  by  Lamb 
Wave  Acoustic  Microscopy  (LAM)  technique.  Unlike  conventional  scanning  acoustic 
microscope  (SAM)  which  are  commercially  available,  the  Lamb  wave  acoustic  microscope 
is  still  a  concept.  SAM  generates  Rayleigh  waves  to  produce  the  acoustic  image  of  the 
near  surface  defects  in  a  specimen.  The  Rayleigh  wave  has  a  poor  penetration  property 
specially  at  high  frequencies  since  it  penetrates  only  about  one  wave  length  deep  into  a 
material.  Hence,  at  high  frequencies,  although  its  resolution  is  high,  SAM  cannot  detect 
relatively  deeper  cracks  in  a  material.  Lamb  waves  (also  known  as  the  "plate  waves")  on 
the  other  hand  propagate  through  the  entire  plate.  For  a  multilayered  plate  various  Lamb 
wave  modes  excite  different  levels  of  energy  in  different  layers.  A  number  of  Lamb  wave 
modes  in  multilayered  plates  have  been  studied  from  which  it  is  concluded  that  different 
Lamb  wave  modes  can  be  used  to  detect  defects  in  different  layers. 
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DETECTION  OF  INTERNAL  DEFECTS  IN  MULTILAYERED  PLATES 
BY  LAMB  WAVE  ACOUSTIC  MICROSCOPY 

Tribikram  Kundu 

INTRODUCTION 

Increasing  use  of  multilayered  materials  in  engineering  applications  warrants 
accurate  detection  of  small  cracks  inside  a  layer  for  safe  operations.  Ultrasound  is  often 
used  for  this  purpose  because  of  its  ability  to  penetrate  into  the  material.  However, 
detecting  small  material  defects  inside  a  multilayered  or  multiply  composite  plate  is  often 
not  an  easy  task.  In  such  multilayered  specimens  surface  and  near-surface-defects  can 
be  easily  detected  by  conventional  optical  techniques  or  scanning  acoustic  microscopes 
(SAM).  In  SAM,  interference  between  near  surface  defects  and  surface  skimming 
Rayleigh  waves  produces  the  image  of  the  defects.  Thus  very  small  near  surface  defects 
can  be  detected  by  SAM.  The  only  shortcoming  of  SAM  is  that  it  cannot  detect  deeper 
defects,  because  Rayleigh  waves  do  not  penetrate  deep  into  the  material. 

Deeper  defects  are  generally  detected  by  conventional  ultrasonic  techniques 
analyzing  the  signals  which  are  reflected  by  the  defects  (cracks  and  delaminations).  For 
multilayered  specimens  this  is  not  an  easy  task  because  reflected  signals  also  arrive  from 
material  interfaces.  Even  if  these  signals  can  be  identified  and  separated,  real  difficulties 
arise  when  defects  in  the  deeper  layers  lie  in  the  shadow  of  other  defects  as  shown  in 
Figure  1,  crack  2.  Ultrasonic  technique  also  fails  to  detect  defects  which  are  located 
parallel  to  the  wave  propagation  direction,  crack  4  in  Figure  1,  since  they  do  not  reflect 
the  signal  back  to  the  transducer.  Because  cracks  2  and  4  are  located  deep  inside  the 
material  SAM  also  fails  to  detect  them.  These  types  of  difficult-to-detect-defects  can  be 
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multilayered  plate  specimen 


detected  by  Lamb  waves  as  discussed  in  this  report. 

For  this  purpose,  first,  different  Lamb  wave  modes  are  to  be  generated  in  a  layered 
plate.  From  the  mechanics  of  elastic  wave  propagation  in  multilayered  plates  one  can  get 
the  frequencies  and  angles  of  incidence  for  producing  different  Lamb  wave  modes. 
These  modes  are  then  studied  carefully  to  see  which  mode  produces  strong  excitation 

in  which  layer. 

PROBLEM  FORMULATION 

As  mentioned  above  one  needs  to  study  the  mechanics  of  elastic  wave 
propagation  in  multilayered  elastic  plates  to  decide  which  Lamb  wave  mode  is 
appropriate  for  generating  strong  excitation  in  a  specific  layer.  The  fundamental  problem 
of  elastic  wave  propagation  in  a  multilayered  solid  has  been  studied  by  a  number  of 
investigators  [1-11].  Here,  a  brief  description  of  the  transfer  matrix  formulation  is  given 
and  the  modifications  necessary  for  avoiding  numerical  difficulties  are  pointed  out. 

The  geometry  of  the  multilayered  plate  is  shown  in  Figure  2.  The  plate  contains 
N  homogeneous  layers  with  perfect  bonding  at  the  interfaces.  The  thickness,  P  and  S 
wave  speeds,  and  the  density  of  a  general  m-th  layer  which  lies  between  the  interfaces 
and  zm  are  denoted  by  hm,  am,  and  pm.  respectively.  The  corresponding 
properties  of  the  fluid  are  denoted  by  the  subscript  f.  A  time  harmonic  plane  acoustic 
wave  of  unit  amplitude  and  circular  frequency  o  is  incident  on  the  fluid-solid  interface  at 
an  angle  0.  We  are  interested  in  computing  the  reflected  field  (R),  the  transmitted  field 
(T)  and  the  wave  amplitudes  am,  bm,  cm  and  dm  in  the  m-th  layer. 
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Transmitted 


The  wave  potentials  in  the  m-th  layer  are  given  by  0m(z)exp(-ikx-io>t)  and  +m(z)exp(- 
ikx-io>t),  where 

A  p^m(z-zm-l)  .  ^m(z-zm-l) 

^  CO 

-'gm(z-zm-l)^y  '9m(z"zm-l) 

and  the  wave  potentials  in  the  fluid  are  0Q(z)exp(-ikx-io>t)  at  the  top  fluid  half  space  and 
^(zJexpHkx-iot)  at  the  bottom  fluid  half  space,  where 

/qtz  -iqp 

0o=e  ^+Re  r  (2) 

*r=re/qf(z-ZN) 

In  equations  (1)  and  (2),  am,  bm,  cm,  dm,  R  and  T  are  unknown  constants  to  be 
determined  from  the  interface  and  boundary  conditions.  These  conditions  can  be 
satisfied  using  Thomson-Haskell  matrix  method  [1,2].  By  this  technique  the  stress- 
displacement  vector  at  the  top  interface  is  related  to  the  stress-displacement  vector  at  the 

bottom  interface  in  the  following  manner 

(3) 


where 

J=AnAn_v...Ai  ^  ^ 

and  Am  is  the  4x4  layer  matrix,  also  known  as  the  propagator  matrix,  transfer  matrix  or 

T  matrix  [1,2,4,8,10,11].  _ 

The  stress-displacement  vectors  S0  and  SN  at  the  top  and  bottom  surfaces  of  the 

plate  are  given  by 


33-  7 


So=fuo  tyO  -R)  -pf0)2(1  +R)  0]r 
$N=[UN  ,clfT  ~Pff^T  Of 


(5) 


Inserting  these  expressions  in  equation  (3)  reduces  it  to  a  system  of  four  algebraic 

equations  for  the  four  unknowns  R,  T,  u„  and  uN.  After  obtaining  R  and  T  the  wave 

amplitudes  am,  bm,  cm  and  dm  at  any  general  m-th  layer  can  be  obtained  by  carrying  out 

the  Thomson-Haskell  matrix  product  between  the  m-th  layer  and  top  or  bottom  surface 
Of  the  plate  [8]. 

Numerical  Difficulties 

Thomson-Haskell  matrix  method  has  inherent  numerical  problem  of  loss  of 
precision.  The  problem  was  first  noticed  by  Dunkin  [3],  He  indicated  that  one  can  avoid 
numerical  difficulty  to  a  great  extent  by  working  with  the  subdeterminants  of  the 
transfer  matrix.  This  procedure  is  called  the  delta-matrix  method.  Since  then,  other 
schemes  have  been  described,  all  of  them  leading  to  formulations  that  do  not  really 
ensure  numerical  stability  [5-7],  Later  Kundu  and  Mai  [8]  identified  a  second  precision 
problem  that  occurs  when  computing  the  amplitude  of  the  transmitted  signal  and 
suggested  some  alternatives  to  the  conventional  delta  matrix  technique  to  improve  the 
precision  problem.  Finally,  Levesque  and  Piche  [10]  made  more  improvements  to  the 

delta  matrix  method  to  get  rid  of  all  precision  problems  associated  with  the  elastic  wave 
propagation  analysis  in  multilayered  solids. 


NUMERICAL  RESULTS 

To  illustrate  the  feasibility  of  using  different  Lamb  wave  modes  to  detect  defects 
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in  different  layers  in  a  multilayered  solid  two  different  types  of  specimens  with  four 
different  geometries  are  considered.  The  first  type  specimen  is  a  two  layered  plate  made 
of  copper  and  aluminum.  The  second  type  is  a  three  layered  plate  specimen  made  of 
two  aluminum  plates  glued  together  by  a  thin  epoxy  layer.  These  specimens  are  shown 
in  Figure  3.  Each  type  of  specimen  has  two  different  geometries.  For  the  two  layered 
plate  the  thickness  of  the  layers  is  taken  as  2  mm  (specimen  la)  and  3  mm  (specimen 
1b).  Aluminum  plates  in  the  three  layered  specimen  have  thickness  3.96  mm  and  2.54 
mm  but  the  epoxy  layer  thickness  is  varied.  Specimen  2a  has  epoxy  thickness  0.5  mm 
and  2b  has  this  thickness  equal  to  0.1  mm.  Table  1  shows  the  material  properties  used 

in  the  following  analyses. 

The  Lamb  wave  dispersion  curves  for  the  four  different  specimens  (1  a,  1  b,  2a  and 
2b)  are  first  computed  and  shown  in  Figure  4.  From  these  dispersion  curves  one  can 
obtain  the  Lamb  wave  phase  velocities  at  any  frequency.  For  example,  at  1  MHz 
frequency  the  four  specimens  have  5,  6,  7  and  7  different  phase  velocities  between  0  and 
10  km/sec.  These  are  shown  in  Table  2.  Three  more  phase  velocities,  which  are  greater 
than  10  km/sec  can  be  obtained  by  extrapolating  the  dispersion  curves  for  three 
specimens  1b,  2a  and  2b.  These  are  shown  in  parentheses  in  table  2.  For  every  phase 
velocity  the  corresponding  critical  angles  can  be  computed  from  Snell’s  law.  These 
angles  are  shown  next  to  the  phase  velocities  in  Table  2. 

Reflection  and  transmission  coefficients  are  then  computed  for  these  specimens 
as  a  function  of  the  incident  angle  0.  These  plots  are  shown  in  Figure  5,  for  1  MHz  signal 
frequency.  The  continuous  and  broken  curves  in  each  plot  represent  reflection  and 
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Table  1 :  Table  of  Material  Properties. 


Material 

Density 

P-Wave  Speed 

S-Wave  Speed 

Copper 

8.93  gm/cc 

4.66  km/sec 

2.66  km/sec 

Aluminum 

2.70  gm/cc 

6.32  km/sec 

3.13  km/sec 

Epoxy 

1.20  gm/cc 

2.20  km/sec 

1.10  km/sec 

Water 

1.00  gm/cc 

1 .49  km/sec 

0 
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Frequency  (MHz) 


Frequency  (MHz) 


2b(botomSrighqi0n  ^  Specimens  1a  <t0P left)' 1b  l***™  left).  2a  (top  right)  and 
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Table  2:  Lamb  wave  phase  velocities  and  critical  angles  of  four  specimens  at  1 

2  mm  Cu  -  2  mm  AI  3  mm  Cu  -  3  mm  A! 


Ph.Vei. 

km/sec 

Cr.Angi. 

degree 

Ph.Vei. 

km/sec 

Cr.Angi. 

degree 

2.4 

38.4° 

2.45 

37.5° 

3.0 

29.8° 

2.9 

30.9°  * 

3.8 

23.1°* 

3.0 

29.8° 

5.5 

15.7° 

4.35 

20.0°  * 

7.2 

11.9°* 

4.85 

17.9° 

la. 

5.6 

15.4°  * 

(12.3) 

7.0°  * 

Epoxy  Bonded  Aluminum  Plate: 

0.5  mm  Thick  Epoxy  0.1  mm  Thick  Epoxy 


Ph.Vei. 

km/sec 

Cr.Angi. 

degree 

... 

Ph.Vei. 

km/sec 

Cr.Angi. 

degree 

2.7 

33.5° 

2.85 

31.5° 

2.8 

32.1° 

3.95 

30.3° 

3.0 

29.8° 

3.3 

26.3°  * 

3.7 

23.7° 

4.3 

20.3°  * 

5.0 

17.3°  * 

5.55 

15.6°  * 

5.6 

15.4°  * 

6.3 

13.7° 

6.65 

12.9° 

7.8 

11.0° 

(12.3) 

7.0°* 

2a 

(17.1) 

Ol 

• 

o 

o 

* 

MHz. 


33-13 


Incident  Angle  (degree) 


Incident  Angle  (degree) 


SFpedm^fatenU?ihTUwS)  a"ttransmis*°"  (broken  curves)  coefficients  of  four 
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transmission  coefficients  respectively.  It  should  be  noted  here  that  the  number  of  dips 
in  the  reflection  coefficient  plots  (or  peaks  in  the  transmission  coefficient  plots)  are  equal 
or  less  than  the  number  of  phase  velocities  (or  critical  angles)  at  that  frequency. 
Theoretically  the  reflection  coefficient  plot  should  have  a  dip  at  every  critical  angle.  If  one 
carefully  computes  and  plots  the  reflection  coefficients  against  the  angle  of  incidence  then 
one  should  observe  it.  One  can  see  from  Figure  5  that  for  specimen  la  there  are  five 
critical  angles  at  1  MHz  and  there  are  five  dips  in  the  reflection  coefficient  plot.  However, 
only  two  of  those  five  dips  are  strong.  The  remaining  three  are  weak.  Very  weak  dips 
can  be  too  weak  to  observe  and  be  missed.  In  table  2,  the  critical  angles  which  show 
strong  dips  in  the  reflection  coefficient  plots  are  marked  by  "*".  Strong  dips  in  the 
reflection  coefficient  probably  indicate  relatively  strong  leaky  Lamb  wave  modes  at  those 
critical  angles.  All  four  specimens  show  some  strong  and  some  weak  dips  in  their 

reflection  coefficient  plots. 

Finally  the  wave  amplitudes  a^  bp  Cj  and  ds  (i  =  1  and  2  for  top  and  bottom  layers 
respectively,  see  Figure  3)  are  computed  as  a  function  of  the  incident  angle  for  all  four 
specimens.  The  results  are  plotted  in  Figures  6  and  7.  Solid,  dashed,  dotted  and 
dashed-dotted  curves  are  used  to  show  the  variations  of  a,,  b,,  Cj  and  dj  respectively.  For 
specimens  la  and  1b  the  wave  amplitudes  at  the  bottom  layer  are  relatively  stronger  for 
12°  and  7°  incidence  respectively.  At  larger  angles  40°  or  greater  the  wave  amplitudes 
at  the  top  layer  are  relatively  stronger.  Hence,  one  can  logically  conclude  that  for 
detecting  cracks  and  defects  at  the  bottom  layer  in  specimens  1  a  and  1  b  the  transducers 
(transmitter  and  receiver)  in  a  pitch-catch  arrangement  should  be  positioned  at  12°  and 
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Figure  6:  Wave  amplitudes  in  tcp  layer  (left  column)  and  bottom  layer  (right  column) 
specimens  la  (top  row)  and  1b  (bottom  row). 


Incident  Angle  (Degree) 


Incident  Angle  (Degree) 


Figure  7:  Wave  amplitudes  in  top  layer  (left  column)  and  bottom  layer  (right  column)  of 
specimens  2a  (top  row)  and  2b  (bottom  row). 


7°  inclinations  respectively.  On  the  other  hand  if  this  angle  is  set  at  40°  or  greater  then 
defects  at  the  top  layer  are  detected  and  the  bottom  layer  defects  do  not  have  any 
influence  on  it.  Similar  plots  for  specimen  2a  show  that  for  30°  incidence  the  top 
aluminum  plate  carries  stronger  waves  and  at  an  angle  near  15°  the  bottom  aluminum 
plate  has  stronger  wave  amplitudes.  Similar  plots  for  specimen  2b  failed  to  show  any 
angle  that  generates  relatively  stronger  waves  at  the  bottom  layer  at  1  MHz.  However, 

at  another  frequency  it  may  be  possible  to  generate  relatively  stronger  waves  in  the 
bottom  layer  of  this  specimen. 

CONCLUDING  REMARKS 

The  calculations  presented  in  this  paper  show  that  it  is  possible  to  detect  and 
image  defects  at  individual  layers  minimizing  the  influence  of  other  layers  on  the  image. 

It  can  be  done  by  generating  Lamb  waves  of  appropriate  mode  which  produces  strong 
excitation  in  a  specific  layer  of  the  plate.  The  theoretical  analysis  is  carried  out  using  the 
Thomson-Haskell  matrix  method  with  delta  matrix  modification. 
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WAVELET  ANALYSIS  OF  ULTRASONIC  SIGNALS 
FOR  NON-DESTRUCTIVE  EVALUATION  OF  COMPOSITES 


Theresa  A.  Tuthill 
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Electrical  Engineering  Dept. 

University  of  Dayton 

Abstract 

Wavelets  are  an  innovative,  computationally  efficient  method  for  the  time-frequency  anal¬ 
ysis  of  ultrasound  signals.  This  study  looked  a.  some  fundamental  traits  associated  with  the 
wavelet  transform  coefficients  as  applied  to  the  non-destructive  evaluation  of  composite  materials. 

A  software  package  utilizing  the  discrete  wavelet  transform  was  developed  to  facilitate  the  study 
of  many  of  these  features. 

Based  on  the  Daubechies  family  of  wavelets,  an  "optimum"  wavelet  kernel  was  determined 
for  use  with  ultrasound  scan  lines.  Application  of  this  wavelet  with  a  thresholding  algorithm 
provided  an  efficient  dam  compression  technique.  For  use  in  flaw  detection,  the  time-frequency 
scalogram  image  was  enhanced  using  adaptive  histogram  equalization.  However,  characterization 
of  materials  based  on  patterns  in  the  wavelet  transform  were  hampered  by  a  shift  variance.  And, 
finally,  the  frequency-dependent  attenuation  coefficient  was  extracted  from  the  transferal  coeffi¬ 
cients,  though  a  large  error  in  accuracy  remained.  The  wavelet  transform  shows  promise  in 
non-destructive  evaluation  of  materials,  though  further  work  is  needed. 
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WAVELET  ANALYSIS  OF  ULTRASONIC  SIGNALS 
FOR  NON-DESTRUCTIVE  EVALUATION  OF  COMPOSITES 

Theresa  A.  Tuthill 


L  INTRODUCTION 

The  characterization  and  detection  of  defects  in  composite  materials  is  integral  to  the  eval 
nation  of  structures.  Ultrasound  provides  an  efficient,  inexpensive  tool  for  examining  material 
composition  without  direct  observation  and  is  commonly  used  in  non-destructive  evaluation 
(NDE)  applications.  However,  the  resolution  provided  by  such  techniques  often  precludes  detec¬ 
tion  of  localized  anomalies. 

As  an  ultrasound  pulse  propagates  through  a  medium,  it  is  refracted,  scattered,  and  atten¬ 
uated,  depending  on  the  material’s  internal  structure  and  properties  (specifically,  variations  in 
sound  speed  and  density).  Information  characterizing  the  material  is  thus  included  in  the  tune 
signal  amplitude  as  well  as  derived  acoustic  parameters  such  as  the  backscatter  and  attenuation 
coefficients.  These  acoustic  parameters,  however,  are  often  dependent  on  frequency,  and  a  spec¬ 


tral  analysis  is  necessary. 

Detection  of  flaws  and  microcracks  is  highly  dependent  on  the  resolution  of  the  resulting 
scans  which  is  limited  by  the  insonifying  pulse  width  and  frequency.  Flaws  smaller  than  a  wave¬ 
length  will  not  be  detected  using  standard  amplitude  intensity  display  techniques.  Incorporation 
of  phase  information,  while  retaining  localized  spatial  resolution,  will  improve  detection. 

This  study  examines  an  innovative  signal  processing  technique  for  combining  time- 
frequency  analysis  -  the  discrete  wavelet  transform.  The  motivation  for  examining  wavelets  is 
based  on  a  phenomenological  approach  to  ultrasound  echoes  :  echo  pulses  look  like  wavelets. 
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n.  DISCUSSION  OF  THE  PROBLEM 


The  evaluation  of  a  material's  strength  and  structural  integrity  is  often  difficult  because 
damage  below  die  surface  cannot  be  resolved.  Delaminations,  microcracking,  and  debonding  am 
common  flaws  which  when  left  undetected  can  propagate  with  catastrophic  results. 

flawed  material  or  inhomogeneous  medium,  the  ultrasound  signals  are  non¬ 
stationary,  and  localized  changes  to  frequency  dependent  parameters  would  be  undetectable  in  a 
spatially  smeared  windowed  spectrum.  Thus  a  time-frequency  representation  is  more  applicable. 


An  inherent  problem  of  a  time-varying  spectrum,  however,  is  founded  in  the  uncertainty 
principle.  The  product  of  the  time  resolution  and  frequency  resolution  remains  a  constant  In 
creasing  frequency  resolution  reduces  time  (or  spatial)  resolution  and  vice  versa.  Wavelet  analysis 
can  optimize  both  resolutions  and  offers  an  accurate  and  efficient  approach  for  characterizing 


materials. 


Though  wavelet  theoty  has  been  a  burgeoning  research  topic  in  the  past  few  years,  its 
application  to  ultrasound  signals  warrants  specific  attention.  An  appropriate  wavelet  must  be  de¬ 
termined  to  optimize  efficiency  in  flaw  detection  and  characterization.  Additionally,  a 

fundamental  understanding  of  the  resulting  wavelet  tmnsform  patterns  must  be  gained  for  evalu- 
ation  purposes. 

HI.  THEORY 

1)  Wavelet  Theory 

As  an  alternative  to  windowed  Fourier  analysis  techniques,  the  wavelet  analysis  [1]  was 
chosen  for  its  ability  to  locate  time  discontinuities  and  its  invertible  transform.  A  wavelet  family 
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is  comprised  of  translations  and  scale  variations  of  a  single  wavelet  and  can  be  described  [  2]  by 

ha,b(t)  =  ^  h(^)  W 

where  a  represents  the  time  scale  parameter  and  b  is  the  time  shift.  For  a<l,  the  the  waveform  is 
compressed,  and  the  frequency  is  correspondingly  increased.  The  resulting  family  of  wavelets 
forms  a  set  of  basis  functions  for  the  decomposition  of  a  given  time  signal.  That  is,  a  one¬ 
dimensional  signal  can  be  expressed  as  a  linear  combination  of  the  members  in  a  given  wavelet 
family.  The  contribution  of  each  wavelet  is  given  by  it’s  wavelet  transform  coefficient.  The 
wavelet  transform  of  signal  f(t)  is  just  the  correlation  of  the  wavelets  with  the  signal  and  is  defined 

as 

Wf(a,b)  =  4-  f  f(t)  b*  (^)  dt=(f,  ha  b)  (2) 

v  — oo 

The  signal  can  be  reconstructed  from  its  wavelet  transform  coefficients  using  the  following 
equation 

f(t)  =  £  /  /  Wf(a,b)£^  (3) 

0  -oo  a 

where  C  is  a  constant  dependent  on  the  wavelet. 

The  choice  of  a  specific  "mother"  wavelet  (the  original  h(t))  is  dependent  on  the 
application.  For  an  exact  reconstruction,  the  wavelet  must  meet  the  following  criteria: 

1)  admissibility  (the  wavelet  has  zero  mean) 

2)  orthonormal 
and  3)  finite  energy. 

Ingrid  Daubechies,  a  reknowned  mathematician,  has  done  extensive  work  in  determining 
orthonormal  basis  wavelets  that  are  compactly  supported  [3].  Figure  1  shows  a  Daubechies  wave- 
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let  and  its  corresponding  Fourier  Transform.  Note  that  the  wavelet  is  essentially  a  bandpass  signal. 


decomposition  [4],  Each  wavelet  scale  has  a  frequency  bandwidth  proportional  to  its  center  fre¬ 
quency  thus  providing  a  constant  frequency-to-bandwidth  ratio.  The  implementation  of  the 
wavelet  transform  serves  to  filter  the  signal  through  these  bandpass  filters. 

The  multi-resolution  technique  for  determining  the  wavelet  transform  is  readily  imple¬ 
mented  through  digital  filtering  [5J.  Different  scale  views  of  a  signal  are  created  by  sub-sampling. 
Then  the  signal  at  any  given  scale  can  be  separated  into  two  frequency  bands:  high  (corresponding 
to  the  wavelet  function)  and  low(  corresponding  to  the  scale  function).  The  high  frequencies 
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would  represent  the  detail  and  are  related  to  the  transform  coefficients.  Figure  2  shows  the  dis¬ 
crete  wavelet  transform  implemented  with  filter  where  g(n)  is  a  high  pass  filter  and  h(n)  is  a  low 

pass. 


Figure  2:  Implementation  of  discrete  wavelet  transform 

The  original  signal  is  separated  into  its  high  and  low  frequency  components,  and  both  are  sub¬ 
sampled  by  two.  The  high  frequency  output  is  then  stored  as  the  wavelet  transform  coefficients, 
dn.  The  low  pass  signal,  cn,  has  the  process  repeated  on  it.  Note  that  at  each  stage  or  resolution 
level  the  number  of  coefficients  is  halved.  The  wavelet  transform  preserves  the  number  of  coef¬ 
ficients;  an  N-point  data  signal  results  in  N  wavelet  coefficients. 

To  provide  an  exact  reconstruction  of  the  signal,  the  above  filters  must  meet  specific 
criteria: 

1)  The  filters  must  be  quadrature  mirror  filters  (QMF).  Their  Fourier  transforms  are  thus 
related  by  the  equation 

|H(w)|2  +  [G(u/)i2  =1  (4) 

2)  The  filter  impulse  responses  are  given  by  the  following 

£h(n)  =y/2  (6) 

£h(n)  =V2  (6) 

where  the  V  2  normalization  factor  is  due  to  the  decimation  factor  in  the  filter. 
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3)  The  filters  must  be  "regular  such  that  the  filtering  iterations  converge. 

Extensive  research  has  been  done  in  the  area  of  determining  filters  that  meet  the  above 
criteria.  Using  maximally-flat  low  pass  filters,  Daubechies  computed  wavelet  filter  coefficients 
for  various  filter  lengths.  Because  the  corresponding  wavelets  have  continuous  derivatives  and  are 
compactly  supported,  they  have  become  the  "standard"  in  many  wavelet  applications. 

Displaying  the  wavelet  transform  requires  a  two-dimensional,  time-frequency  plot.  By 
ustng  the  squared  modulus  of  the  transform  coefficients,  the  energy  of  the  signal  can  be  repre¬ 
sented  on  a  gray  scale  plot  called  a  scalogram.  Time  or  distance  is  shown  on  the  horizontal  axis 
and  increasing  frequency  is  shown  on  the  vertical  axis  going  from  bottom  to  top.  Roc,.,.,  Ute 
number  of  wavelet  coefficients  decreases  with  decreasing  frequency,  the  lateral  resolution  de¬ 
creases  a,  each  successive  level,  and  more  pixels  are  assigned  to  a  single  coefficient.  The  highest 
resolution  occurs  for  the  highest  frequency  and  is  displayed  on  the  top  row.  Any  localized  or 
transient  phenomena  should  appear  in  this  row. 

2)  Acoustic  Parameters 

The  loss  of  energy  as  an  acoustic  pulse  propagates  through  a  medium  is  refetred  to  as 
attenuation.  Attenuation  encompasses  longitudinal  and  shear  scattering  form  inhomogeneities  and 
conversion  of  acoustic  energy  to  heat  by  absorption  mechanisms.  The  resulting  decay  in  signal 
strength  can  be  fitted  to  an  exponential  of  the  form 

S(x)=soe-2Ax  (7) 

where  x  is  depth,  A  is  the  frequency-dependent  attenuation  coefficient,  and  s0  is  a  constant  repre¬ 
senting  the  backscattered  signal  strength.  A  standard  procedure  for  estimating  the  attenuation 
coefficient  at  the  center  frequency  of  the  pulse  is  to  curve  fie  the  decay  of  the  envelope  of  a 
scanline.  However,  this  technique  doe  not  provide  frequency  information. 
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IV.  METHODOLOGY 


1)  Facilities 

The  research  was  performed  in  the  University  of  Dayton’s  Ultrasound  Lab  which  was 
established  in  1991.  The  lab  was  designed  for  the  implementation  of  research  in  the  areas  of  both 
biomedical  tissue  characterization  and  non-destructive  evaluation  of  materials.  A  smgle  ultra¬ 
sound  scanning  station  is  used  for  data  collection,  signal  processing,  and  data  analysis.  Samples 
are  placed  in  a  gallon  water  tank  and  can  be  scanned  at  various  frequencies  ranging  from  1  to  10 
MHz  using  Panametrics  transducers.  A  computer  controlled,  X-Z  positioner,  with  high  precision 
stepper  motors  (with  1/100"  increments),  is  used  to  move  the  transducer  across  the  scanning  plane. 
The  output  from  a  Panametrics  pulser/receiver  is  digitized  via  an  HP45402  digitizing  oscilloscope 
(400  Msamples/sec,  2K  sample  storage).  The  data  is  transmitted  over  the  IEEE  bus  to  the  SUN- 
IPC  SPARCstation  (16"  color  monitor,  24Mbytes  RAM,  2.2Gbyte  hard  drive)  for  storage  and 

processing. 

The  MATLAB  software  package  (Mathworks,  Inc.,  Natick,  MA)  with  the  Signal  Process¬ 
ing  Toolbox  is  the  primary  programming  environment.  MATLAB  allows  users  to  incorporate 
their  own  C-code  for  analysis  and  then  display  results  using  a  variety  of  visualization  techniques. 
An  Ethernet  local  area  network  also  provides  communication  and  file  sharing  with  other  comput¬ 
ers  for  remote  processing. 

2)  Implementation  of  Wavelet  Transform 

A  fast  discrete  wavelet  transform  was  implemented  within  the  MATLAB  environment.  A 
suitable  algorithm,  found  in  Numerical  Recipes  in  C  (Second  edition),  was  coded  and  interfaced 
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so  that  it  could  be  called  directly  from  the  MATLAB  command  prompt  The  code  was  adapted 
and  expanded  to  include  the  Daubechies  kernels  with  4  to  20  coefficients. 

The  wavelet  transform  can  be  thought  of  as  a  transformation  matrix  acting  on  a  column 
vector  of  data.  The  transformation  matrix  is  sparse  for  large  values  of  N  (data  vector  length), 
which  reduces  the  number  of  calculadons  needed  to  compute  the  wavelet  transform.  The  trans¬ 
form  can  also  be  thought  of  as  two  related  convolutions,  in  which  only  half  of  the  values  are  kept 
from  each  convolution.  The  first  convolution  serves  as  a  smoothing  filter,  while  the  second  as  a 
high  pass  filter.  The  two  convolutions  are  interleaved  after  the  first  pass,  then  the  data  is  reordered 
and  a  second  pass  is  made  on  the  N/2  samples  from  the  first  convolution.  This  method  is  similar 
to  the  algorithm  for  the  FFT.  The  process  is  ropeated  until  only  2  values  are  generated  from  the 
first  convolution.  The  resulting  vector  contains  the  wavelet  transform  coefficients  and  can  be 

thought  of  as  blocks  of  amplitudes  for  a  given  frequency  band,  with  each  band  twice  as  big  as  the 
previous  band 


3)  Wavelet  Demo  Software  Package 

A  control  software  package  was 
written  to  provide  an  easy-to-use,  ana¬ 
lytical  tool  for  wavelet  analysis.  First, 
scan  line  signals  stored  in  MATLAB 
data  files  are  loaded  into  the  program. 
User  interface  control  buttons  then  let 
the  user  change  various  parameters  re¬ 
lated  to  the  wavelet  transform.  Figure 
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3  shows  the  interface  display  with  controls  for  the  threshold  level  (for  truncating  coefficients), 
kernel  size  (number  of  coefficients  for  the  filters),  wavelet  range  (for  zooming  in  on  a  specific 
range),  and  the  number  of  points  desired  for  downsampling.  The  program  then  computes  and 
displays  four  basic  graphs:  the  original  waveform,  the  wavelet  transform,  the  reconstructed  wave¬ 
form,  and  the  two-dimensional  scalogram.  The  wavelets  transform  is  displayed  by  combining  the 
coefficients  from  each  band  into  a  single  vector.  The  highest  frequency  band  is  to  the  left  using 
points  N/2  to  N,  the  second  highest  band  is  in  points  N/4  to  N/2,  and  so  on  down  to  the  lowest 
frequency  band  contained  in  the  first  two  points. 

Through  the  course  of  this  research  project,  the  scalogram  was  analyzed  for  patterns  relat¬ 
ing  to  the  material.  The  original  display  mapped  the  coefficient  values  to  the  full  255  gray  levels. 
However,  because  the  high  frequency  coefficients  were  much  lower  in  magnitude,  they  were  often 
"washed  out,"  precluding  any  identification  of  high  frequency  transient  effects.  As  a  result,  a 
histogram  equalization  was  performed  within  each  frequency  band.  Figure  4  shows  a  scalogram 
from  a  typical  waveform  before  and  after  the  equalization  process. 

4)  Composite  Materials 

Ultrasound  scans  were  taken  of  a  variety  of  composite  materials.  To  analyze  a  damaged 
composite,  scans  were  made  of  a  graphite-epoxy,  quasi-isotropic,  3/32"  thick  sample  with  a  4.05 
ft-lb  impact.  A  scan  of  a  non-damaged  region  is  referred  to  as  "QND010,"  and  a  scan  of  the 
damaged  region  is  "QND150." 


34-11 


(Low) 


Histogram  Equalized  Scalogram  (MagA2) 


igure  4.  Scalograms  before  and  after  histogram  equalization 
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V.  RESULTS 


Ultrasound  scan  lines  from  the  QND010,  QND150,  and  a  32  ply  uni-weave  composite 
sample  were  formed  using  a  3.5  MHz,  2"  focused  transducer  and  then  processed  for  the  following 

analyses. 

1)  Optimum  Wavelet 

Throughout  this  study,  various  Daubechies  wavelets  were  employed.  The  different  wave¬ 
lets  are  denoted  by  their  kernel  size  (or  length  when  considering  filter  coefficients)  ranging  from  4 
to  40.  Inspection  of  the  corresponding  waveforms  shows  that  the  size  20  kernel  most  resembled 
the  insonifying  pulse  in  smoothness  and  in  length.  This  observation  was  confirmed  in  the  data 
compression  analysis  discussed  below.  To  illustrate,  Figure  5  shows  the  4-point  kernel  wavelet 
transform  for  a  scanline  (1000  points  using  a  5  MHz  transducer  and  sampling  at  200  MHz)  taken 
of  the  32  ply  composite  sample.  In  the  reconstructed  signal,  only  a  portion  of  the  coefficients  are 
used,  and  the  result  is  a  jagged  waveform.  Figure  6  shows  the  wavelet  transform  of  the  exact  same 
signal,  but  now  using  the  20-point  kernel.  Again,  only  a  portion  of  the  coefficients  were  used  to 
reconstruct  the  signal,  though  here  the  resulting  waveform  is  much  smoother  and  resembles  the 
original.  Despite  the  vast  difference  in  the  resulting  waveforms,  the  mean-square-errors  (MSE) 
between  the  original  and  the  reconstruction  are  close. 

It  should  be  noted  that  despite  the  jaggedness  of  the  4-point  kernel  wavelet,  when  all  the 
coefficients  are  employed,  an  exact  reconstruction  is  formed.  This  was  tested  with  all  the  kernel 
sizes  and  confirms  the  assertion  that  the  Daubechies  wavelets  are  invertible. 
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Figure  5:  Wavelet  transform  using  4-point  kernel. 
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Original  Waveform 


Image  is  histogram  equalized 


Figure  6:  Wavelet  transform  using  20-point  kernel. 
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2)  Data  Compression 


The  wavelet  transform  is  suitable  for  data  compression  because  it  is  orthogonal  and  has  a 
finite  number  of  basis  functions.  Since  the  original  signal's  energy  is  compressed  into  a  fewer 
number  of  coefficients  in  the  transfoim  space,  some  of  the  coefficients  can  be  eliminated  from  the 
reconstruction  without  loss  of  information.  The  analysis  of  data  compression  focused  on  two 
techniques:  i)  truncation  of  transfonn  coefficients  to  a  given  number  of  points  and  ii)  thresholding 
the  transfonn  values  and  keeping  only  those  coefficients  that  were  above  a  specified  level.  The 

metric  for  evaluating  the  compression  techniques  is  the  mean  square  error  between  the  recon- 
strutted  signal  and  the  original  input  signal. 


i)  Truncation  -  Since  the  wavelet  transform  orders  the  coefficients  into  frequency  bands 
going  from  lowest  to  highest  frequency,  truncation  is  similar  to  downsampling  the  data.  When 
transform  coefficients  are  zeroed,  the  high  frequencies  are  removed  and  a  smoother  or  low  pass 
filtered  signal  will  be  reconstructed.  Large  errors  occur  if  the  signal  is  originally  no.  smooth  or 
contains  high  frequencies.  A  range  of  truncations  were  performed  on  the  512-poin.  wavelet 
transform  of  the  scanltnes  from  the  QND  composite  sampled  at  100  MHz  .  Figure  7  shows  the 


results  for  truncating  the  number  of  coefficients  down  to  64  or  a  compression  of  8  to  1.  The  cor¬ 


responding  mean-square-error  (MSB)  of  8.5  provides  a  reasonable  reconstruction.  Further 


analyses  showed  that  a  MSB  value  of  10  is  a  reasonable  cut  off  point  for  determining  a  good 
compression  scheme.  However,  furdrer  truncation  down  to  32  coefficients  (a  compression  ratio 
of  16  to  1)  produced  an  MSB  of  253  (Figure  8)  and  a  poor  reconstruction. 
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Figure  8:  Signal  reconslruction  after  truncating  wavelet  transform  to  32  coefficients. 
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This  technique  did  lead  to  interesting  application  for  removing  high  frequency  spikes  from 
an  input  signal.  Since  the  wavelet  transform  has  both  frequency  and  time  information  a  spike  in 
the  input  signal  could  be  removed  by  attenuating  or  zeroing  out  the  proper  coefficients  m  the 
transform  that  are  near  the  time  period  of  the  spike.  This  could  be  thought  of  as  a  notch  filter 
localized  in  time  around  the  spike. 

ii)  Thresholding  -  Data  compression  can  also  be  obtained  by  storing  only  those  coefficients 
with  values  above  a  certain  threshold  level.  With  this  technique,  however,  it  is  necessary  to  also 
store  the  corresponding  position  of  the  coefficient  in  the  resulting  transform  vector.  A  program 
was  written  in  C  which  performs  the 
thresholding  of  the  data.  The  program 
searches  for  the  absolute  maximum  value 
then  computes  the  threshold  level  and  ze¬ 
ros  all  transform  coefficients  below  that 
threshold.  This  does  add  some  overhead, 
since  the  value  of  the  transform  and  the 
location  must  be  saved.  However,  this 
method  still  provides  better  compression 
of  the  signal  and  lower  MSE  for  the  re¬ 
constructed  signal. 

The  size  of  the  kernel  or  wavelet 
does  effect  the  efficiency  of  the 
thresholding.  Table  1  shows  that  for  the 


Table  1 

-  Thresholding  errors  for  constant 
threshold  levels 

Kernel 

# 

Threshold 

Error 

Size 

Coeffs 

level 

(MSE) 

4 

11 

33% 

58.5 

12 

8 

33% 

41.9 

16 

9 

33% 

82.7 

20 

6 

33% 

43.2 

24 

4 

33% 

76.4 

34 

9 

33% 

32.2 

40 

6 

33% 

64.4 

Table  2  - 

Thresholding  errors  for  constant 
number  of  coefficients. 

Kernel 

# 

Threshold 

Error 

Size 

Coeffs 

level 

(MSE) 

4 

6 

46% 

139.5 

12 

6 

42% 

83.4 

16 

6 

25% 

50.3 

20 

6 

33% 

43.2 

24 

6 

27% 

32.2 

34 

6 

49% 

84.5 

40 

6 

33% 

64.4 
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wavelet  transfer™  coefficients  of  a  scanline  from  the  QND  sample  using  a  constant  threshold 
level,  the  number  of  resulting  coefficients  first  decreases  as  the  kernel  size  increases,  but  then 
starts  to  increase  again.  As  expected,  the  MSE  varies  inversely  with  the  number  of  coefficients.  It 


does  appear,  however,  that  an  optimum"  wavelet  kernel  size  exists  around  20  to  30.  In  support 
of  this  theory,  the  errors  were  computed  for  the  various  kernel  sizes  using  a  set  number  of 


coefficients.  Table  2  shows  that  there  is  a  minima  for  the  MSE  in  the  20  to  30  range.  For  an 
ultrasound  scan  line  it  is  expected  that  the  optimum  kernel  size  would  be  comparable  to  the  wave¬ 
length,  and  for  the  preceding  example  of  a  3.5  MHz  pulse  sampled  at  100  MHz,  the  number  of 


sample  points  for  a  wavelength  is  in  fact  28. 


A  direct  comparison  between  the  truncation  and  thresholding  techniques  was  done  on  the 
QND  sample  using  die  20-poin,  kernel  and  varying  the  threshold  until  the  desired  number  of 
coefficients  was  achieved.  Figure  9  shows  a  threshold  level  of  0.8  percent  of  the  maximum  value 
is  necessary  for  retaining  64  coefficients.  This  comesponds  to  storing  128  points  (position  must  be 
included)  or  a  compression  ratio  of  4  to  1  The  error  was  only  0.20  in  reconstructing  the  signal.  By 
increasing  the  threshold  until  only  32  coefficients  are  used  (Figure  10),  the  MSE  increases  to  only 
1.19.  Examination  of  the  reconstmcted  waveforms  shows  that  the  signal  can  be  represented  by 
very  few  coefficients  and  still  provide  a  good  reconstruction  of  the  signal.  Higher  threshold  error 
levels  could  achieve  compression  ratios  of  50  to  1  with  tolerable  MSE  values.  This  technique 
provides  better  results  and  higher  ratios  than  the  tiuncation  method,  however  there  is  a  higher 
amount  of  overhead  in  determining,  which  values  to  keep  . 


34-20 


Original  Waveform 


Magnitude  Squared  Scalogram 


Image  is  histogram  equalized 


Figure  9:  Signal  reconstruction  after  thresholding  wavelet  transform  to  64  coefficients. 
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Figure  10  :  Signal  reconstruction  after  thresholding  wavelet  transform  to  32  coefficients. 
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3)  Effect  of  Sampling  Rate  on  Data  Compression 

The  data  analyzed  in  the  previous  section  was  over-sampled,  so  the  effect  of  the  sampling 
rate  on  the  compression  ratios  was  examined.  The  input  signals  were  down-sampled  by  various 
factors  of  2,  and  then  reprocessed  to  determine  new  compression  statistics.  Only  the  thresholding 
method  was  evaluated  in  this  section  since  it  had  the  best  performance.  Figure  11  shows  a  512- 
point,  3.5  center  frequency  scanline  sampled  at  100MHz.  A  threshold  level  of  33%  produces  a 
reasonable  reconstruction  with  a  MSE  of  43.  Figures  12  and  13  show  this  same  waveform  down- 
sampled  by  a  factor  of  2  and  4,  respectively.  In  both  cases,  the  number  of  coefficients  needed  for 
a  reconstruction  error  near  40  was  approximately  the  same  as  for  the  original  signal.  Note  that  for 
each  decimation  by  two,  the  highest  frequency  band  in  the  scalogram  is  eliminated.  And,  while 
the  resulting  scalograms  are  not  identical  for  the  lower  frequency  bands,  the  patterns  are  similar. 
This  study  showed  that  the  sampling  rate  will  not  effect  compression  rations,  as  long  as  the  signal 
is  sampled  well  above  the  Nyquist.. 

4)  Shift  Variance 

The  most  significant  problem  with  applying  wavelet  analysis  to  ultrasound  signals  is  that 
the  wavelet  transform  is  shift-variant.  The  resulting  transform  coefficients  depend  on  the  position 
of  the  input  signal  in  the  time  domain.  Even  small  shifts  in  the  time  domain  can  lead  to  significant 
changes  in  the  wavelet  domain.  Figures  14  and  15  show  the  wavelet  transform  coefficients  for 
shifted  versions  of  a  128  point  sequence  of  the  QND  sample.  Even  for  this  narrow  range  of  shifts 
(-3  to  +4),  there  is  a  noticeable  difference  in  the  transform,  especially  in  the  lower  frequency 
bands.  The  coefficients  with  the  largest  magnitude  are  fairly  similar  between  1-point  shifts, 
though  the  amplitude  goes  from  positive  to  negative  through  the  entire  sequence  of  shifts. 
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Figure  11:  Wavelet  transform  of  signal  sampled  at  100  MHz. 
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Figure  12:  Wavelet  transform  of  signal  (same  as  in  Fig.  11)  sampled  at  50  MHz. 
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Figure  13:  Wavelet  transform  of  signal  (same  as  in  Fig.  11)  sampled  at  25  MHz. 
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Wavelet  Transform  of  Original  Shifted  by  -3 
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Figure  14:  Wavelet  transform  of  signal  shifted  by  negative  increments. 
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Wavelet  Transform  of  Original  Shifted  by  1 


Figure  15:  Wavelet  transform  of  signal  shifted  by  positive  increments. 
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In  computing  the  discrete  wavelet  transform,  a  decimation  by  two  is  performed  after  each 
filtering  stage.  It  is  expected  then,  that  within  a  specific  frequency  band,  shifts  by  a  corresponding 
multiple  of  two  would  produce  a  simple  shift  within  that  band.  For  example,  a  shift  by  4  would 
correspond  to  a  shift  by  2  in  the  second  highest  frequency  band  (points  32  through  63  m  a  128 
point  transform)  and  a  shift  by  1  in  the  highest  band  (points  32  through  63).  The  wavelet  trans¬ 
forms  of  a  128-point  sequence  (using  a  20  point  kernel  size)  are  shown  for  shifts  of  various  powers 
of  two  in  Figures  16  and  17.  Close  examination  of  the  higher  frequency  bands  shows  that  the 
coefficients  are  shifted,  but  still  show  a  small  variation.  It  is  concluded  that  the  high  pass  filter 
applied  before  decimation  in  determining  the  wavelet  coefficients  is  the  mam  cause  of  this  mmor 
variation.  The  coefficients  in  the  lower  bands,  however,  appear  uncorrelated. 

Shifts  in  the  time  domain  are  an  inherent  problem  with  ultrasound  scans  since  jitter  in  the 
pulser/receiver  can  cause  delay  shifts  for  adjacent  scan  lines..  The  vastly  different  wavelet  trans¬ 
form  coefficients  can  preclude  a  reliable  characterization  based  on  wavelets..  To  try  and  correct 
this  problem  the  signals  were  cross  correlated  and  then  shifted  so  that  they  had  maximum 

correlation. 

The  cross-correlation  was  computed  for  adjacent  signals  in  the  QND  B-scan,  then  the 
maximum  value  was  found  and  a  shift  computed  from  how  far  the  maximum  value  was  from  the 
center  of  the  correlation  vector.  This  proved  to  be  effective  if  the  signals  were  similar,  however  if 
the  signals  were  repetitive  (i.e.  a  strong  back  echo),  the  cross-correlation  would  correlate  different 
peaks  and  the  shifted  signals  would  be  even  worse  than  the  original  signals.  Improvements  were 
made  by  correlating  a  small  section  of  the  signal,  but  the  amount  of  signal  used  is  dependent  on 
knowledge  of  what  the  signals  look  like  and  how  much  shift  is  in  the  signals. 


34-29 


Figure  16:  Wavelet  transform  of  signal  shifted  by  powers  of  two. 
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Wavelet  Transform  of  Original  Shifted  by  8 


Wavelet  Transform  of  Original  Shifted  by  16 


Wavelet  Transform  of  Original  Shifted  by  32 


Wavelet  Transform  of  Original  Shifted  by  64 


Figure  17:  Wavelet  transform  of  signal  shifted  by  powers  of  two 


5)  Signal  Attenuation 


The  integrity  of  a  composite  material  can  often  determined  by  the  attenuation  of  the  ultra¬ 
sound  signal  as  it  passes  through  the  material.  The  attenuation  coefficient,  however,  is  frequency 
dependent,  and  a  frequency  domain  analysis  is  required.  Either  FFTs  are  used  to  compare  atten¬ 
uated  power  spectra,  or  the  power  outputs  from  a  bank  of  filters  are  compared.  This  latter 
technique  was  adapted  for  the  wavelet  transform  frequency  bands.  To  test  the  accuracy  of  this 
technique,  a  metal  stepper  block  with  uniform  step  sires  was  scanned,  and  the  wavelet  analysis 
was  applied  to  the  front  and  back  echoes.  The  average  front  and  back  scan  power  was  found  for 
each  step  and  each  individual  frequency  band.  The  log  of  the  "back  echo  power"  to  the  "front  echo 
power"  was  then  computed  and  plotted  versus  the  depth  of  the  material  for  each  frequency  band. 
The  slope,  which  is  directly  related  to  the  attenuation,  was  detetmined  by  applying  a  Unear  curve 
fit.  To  insure  zero  attenuation  for  zero  depth,  the  curve  was  forced  through  the  origin.  Figure  18 
ws  the  results  using  a  5  MHz  transducer  for  filter  bank  5  (coiresponding  to  a  low  frequency 
band  near  5  MHz).  The  curve  fits  for  bands  much  higher  or  lower  were  not  as  accurate  due  to  the 
low  amplitude  strength  of  the  transform  coefficients  in  these  band  (Figure  19).  This  experiment 
was  repeated  using  a  10MHz  transducer.  Again,  the  best  curve  fits  were  found  for  those  filter 
banks  nearest  the  10MHz  center  frequency  (in  this  example  banks  3,  4,  and  5).  The  slope  for  the 
ost  accurate  banks  is  shown  in  Figure  20  plotted  versus  frequency.  Note  that  for  both 
transducer  data  sets,  as  the  frequency  increases  (corresponding  to  smaller  filter  bank  numbers),  the 
attenuation  increases.  The  accuracy  (or  lack  thereof)  of  employing  wavelet  coefficients  for  ex¬ 
tracting  attenuation  values  is  demonstrated  by  the  difference  in  slope  values  for  a  given  filter  bank. 
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Slope  vs.  FreauAnrA/ 


Figure  20:  Attenuation  versus  frequency  for  both  5  and  10  MHz  transducers. 

The  cause  of  the  separation  between  the  attenuation  tines  for  the  5  MHz  data  and  the  10  MHz  is 

unclear.  While  these  results  are  promising,  additional  research  is  needed  to  determine  if  these 

values  are  in  fact  accurate  for  given  applications  and  to  determine  the  range  of  spatial  information 
needed  for  such  precision. 

VI.  CONCLUSION 

The  wavelet  transform  does  hold  potential  as  a  computationally  fast,  efficient  analysis  tool 
for  evaluating  composite  materials.  A  Daubechies  wavelet,  with  a  kernel  size  comparable  to  the 
length  of  the  digitized  insonifying  pulse,  produces  the  best  results  for  ultrasound  scans.  By  thresh- 
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olding  the  resulting  wavelet  transform  coefficients,  the  scan  lines  can  be  compressed  with  minimal 
error  in  the  reconstruction.  Depending  on  the  application  and  corresponding  resolution,  compres¬ 
sion  ratios  of  50  to  1  can  be  achieved. 

Wavelet  transform  scalograms  can  depict  transient  flaws  providing  a  histogram  equaliza¬ 
tion  is  applied.  Characterization  of  debondings  and  cracks  based  on  the  scalogram  patterns  still 
requires  more  research.  Part  of  the  problem  in  material  characterization  based  on  wavelet  coeffi¬ 
cients  is  the  inherent  non-linear  shift  variance  of  the  wavelet  transform.  Techniques  must  still  be 
devised  to  account  for  unknown  shift  variations.  Finally,  the  localized  attenuation  coefficient  can 
be  obtained  form  the  wavelet  coefficients,  but  the  error  associated  may  preclude  accurate 

assessment.. 

While  none  of  the  analysis  results  demonstrate  a  remarkable  breakthrough,  the  discrete 
wavelet  transform  has  provided  a  unified  basis  for  a  combined  analysis.  This  research  has  shown 
that  wavelets  can  be  useful  in  the  non-destructive  evaluation  of  composites  and  may  be  instru¬ 
mental  in  the  future  automation  of  such  processes. 
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Abstract 


MBE  growrh  of  con.  pound  «mico„duc.o„  and  in-siru  doping  „udi.d  using  ,h.  „och»Uc  model- 

ing  approach.  Three  specihc  probienr,  related  MBE  growth  of  compound  nemicoudnc.or,  were.t.died, 
C'A,  growth  kinetics,  surface  ordering  i„  GaAlAs  ,„d  doping  o,  semiconductors.  The  rosuit,  of  each  of 


these  projects  were  compared  with  experimental  results 


study  validates  the  use  of  stochastic  modeling  for  the  MBE 


and  the  agreement  was  good.  Thus,  the  present 


each  project  and  its  comparison  with 


growth  kinetic  studies.  Details  of  results  of 


experiments  are  presented  under  the  discussion  of  each  project. 
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1  Introduction 

High  speed,  high  frequency  and  low  noise  electronic  device  are  currently  being  fabricated  by  molecular 
beam  epitaxy  (MBE)  and  studied  for  potential  applications  in  information  processing,  signal  processing 
and  communication.  Reproducible  and  controlled  growth  of  these  devices  by  MBE  is  possible  only  if  the 
growth  and  doping  mechanisms  and  their  relation  to  growth  parameters  and  their  influence  on  the  elecrtomc, 
optical  and  transport  properties  are  well  understood.  The  theme  of  this  project  is  to  study  the  MBE  growth 
mechanisms  of  compound  semiconductor  and  in-situ  doping  using  the  theoretical  tool  developed  by  the 
author  called  “Stochastic  Modeling’ . 

This  project  addresses  theoretically  three  issues  of  growth:  GaAs  growth  kinetics,  surface  ordering  ki¬ 
netics  of  GaAlAs  and  in-situ  doping  of  semiconductors.  This  report  is  organized  as  follows.  The  GaAs 
growth  kinetic  study  and  its  results  and  discussion  are  presented  in  section  2.  The  surface  ordering  kinetics 
study  of  GaAlAs  and  its  results  and  discussion  are  presented  in  section  3.  The  doping  kinetics  study  of 
semiconductors  and  its  results  and  discussion  are  presented  in  section  4.  Finally,  conclusions  are  presented 

in  section  5. 
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2  GaAs  Growth  Kinetics 

2.1  Background 


The  performance  ofop.o-eiecttomc  deices  is  deeded  by  in.erfacia,  confess ,»  hetetostructutr,  fabricated 
With  Ill-v  semiconductor  compounds.  The  origin  of  the  interfacial  roughness  is  the  surface  roughness  of 

the  layer  on  which  another  hetero-layer  is  grown  There  have  k 

grown.  There  have  been  many  experimental  [1-9]  and  theoretical 

[9'U1  *“emPlS  ‘°  Undmtand  the  °"Si"  0f  lh‘  processes  in  the  MBE  gtowth  of  Cncts 

(100).  Specifically,  the  surface  ro„gh,„i„s  kinetics  during  MBE  growth  of  Cuds  ,100)  has  been  studied  by 

monitoring  the  redaction  high  energy  electron  diffraction  (RHEED)  intensity  (1).  Similar  studies  have  also 
been  carried  out  for  Ce  (.00,  ,,0).  the  case  of  Ce  study  a  kinetic  surface  roughening  temperature 
above  which  a  smooth  surface  remains  smooth,  was  observed.  „  was  concluded  that  the  surface  roughening  is 
a  result  of  competition  between  surface  roughening  processes  such  as  adsorption  and  the  surface  smoo.hening 

process  such  as  surface  migration  to  stable  sites.  In  the  case  of  CaA  t  A  rn 

m  tne  case  of  GaAs  study  [1],  a  transition  temperature 

was  observed  above  and  below  which  the  surface  ,s  rougher.  This  transition  temperature  was  obeyed  to 

be  fiux  ratio  aud  temperature  dependent.  The  kinetics  of  surface  roughening  in  this  case  was  expiained  in 

terms  of  competition  between  the  surface  rn., .re¬ 
surface  roughening  processes  such  as  adsorption  and  evaporation  and  the 

surface  smoothenmg  process  such  as  the  migration  of  atoms  to  energetically  stable  sites. 

h  this  work,  the  stochastic  model  of  MBE  growth  developed  by  the  author  [17-19]  is  employed  to  study 
•he  surface  roughening  kinetics  in  Cu,s  section  ,2,  .  ^  ^  ^  ^ 

presented.  section  2.3,  results  of  the  study  of  surface  roughening  kinetics  of  (100,  GaA,  are  presented 

and  compared  with  that  of  the  experimental  work  of  Refill  The  nh  ■  ,  u  • 

■t  J-  The  physical  mechanism  which  describes  the 

theoretical  and  experimental  observations  is  also  presenter!  c;  f  ,  . 

ummary  of  this  study  is  presented  in  section 


2.4. 
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2.2  The  Stochastic  Model 


In  the  hierarchy  of  growth  simulation  models,  the  stochastic  model  belongs  in  the  category  of  macroscopic 
models.  This  model  assumes  a  rigid  lattice  gas  with  nearest  neighbor  pair  interactions.  The  stochastic  model 
describes  the  time  evolution  kinetic  equations  of  MBE  growth  in  terms  of  the  primary  macrovariables,  the 
concentration  of  atoms  in  the  n‘h  layer,  C(n),  and  the  atom-vacancy  bond  density  in  the  n">  layer,  Q(n)  and 
is  given  by  Eqs  8a  and  8b  of  Ref.[17].  For  details  of  the  model,  the  reader  is  directed  to  Ref.[17-19].  The  mam 
assumptions  of  the  model  are:  (i)  solid-on-solid  (SOS)  restriction  (ii)  random  distribution  approximation 
of  the  surface  atomic  configurations  weighted  by  the  energy  of  the  configuration  (m)Arrhenius  type  rate 
equations  for  the  surface  kinetic  processes  (iv)  exclusion  of  anti-site  defects  (v)  exclusion  of  effects  of  surface 
reconstruction  on  the  surface  kinetic  processes. 

The  time  evolution  of  the  macrovariables  is  described  in  terms  of  the  rates  of  such  kinetic  processes  as 
adsorption,  evaporation  and  intra-  and  inter-layer  migrations  of  Ga  and  As  atoms.  The  adsorption  process 
is  allowed  at  all  sites  where  the  SOS  restriction  holds,  (i.e.),  the  surface  covalent  bonds  corresponding  to  the 
site  from  the  layer  below  are  satisfied.  If  the  atoms  arrive  at  non-SOS  sites,  then  the  atoms  are  allowed  to 
migrate  rapidly  in  their  weakly  bound  physisorbed  state  until  they  find  a  proper  site. 

For  the  adsorption  process  of  As,  the  species  in  the  molecular  beam  is  assumed  to  be  diatomic  As2 
which  is  equivalent  to  cracked  arsenic.  The  stochastic  model  reported  in  Ref.[17]  is  suitable  for  monoatomic 
molecular  species.  As  diatomic  As2  is  used  in  this  model,  the  terms  corresponding  to  the  adsorption  process 
in  Eqs  8a  and  8b  in  Ref. [17]  need  to  be  modified  as  follows.  The  incorporation  of  two  As  atoms  in  the  nearest 
neighboring  sites  satisfying  the  SOS  condition  in  the  2 n  +  Ith  layer  requires  four  Ga  atoms  be  available  as 
nearest  neighbors  in  the  2n"*  layer  as  shown  in  Figure  1.  The  probability  that  there  exists  a  surface  Ga 
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adatom  pair  in  the  2 nth  layer,  Pu  is  given  by: 


p  _  NGaGa(2n) 

2CGa(2n)  (1) 

Where  IW.( 2»)  is  the  Gu  -  Go  second  nearest  neighbor  bond  density.  Three  nearest  neighbor  pahs  are 
required  to  Torn,  the  surface  Gu  adatonr  arrangement  shown  in  Fig„,e  Therefore,  the  probabiUty  that 
there  exists  surface  atomic  arrangements  as  shown  in  Figure  1,  P,,  is: 


P,  =  Pi3 


The  concentration  of  Ga  atoms  which  have 


given  by: 


nearest  neighbor  arrangement  as  shown  in  Figure  1,  C,(2n), 


C,(2n)  =  CGa(2n)  P, 


Thus,  the  concentration  of  s, tea  avartabie  for  ds,  incorporation  in  the  *  +  ,»  iayer,  given  by  Eq  4  of  Re, .[IT, 


modifies  to: 


Nbb(2n  -  1) 

2  ~  C“(2n)  — *  [C,(2n)  -  CA,(2n  +  1)] 


Since  the  ds  atoms  are  incorporating  on  the  nearest  neighbor  sites  as  pans,  the  time  evolut.on  of  the 
atom-bond  macrovariab.e,  Qa.(2„  +  1),  needs  to  be  modified  as  follows.  For  the  mode,  reported  in  Ref.[n), 
the  coordination  number  fo,  any  surface  site  is  4  when  considering  the  incorporation  proc^  monoatomic 
molecular  beam  spaces.  Whereas,  fo,  the  present  study,  the  effective  coordination  number  fo,  a  site  is  only 

3  as  one  of  the  nearest  neighbor  site  wil,  be  simultaneous, y  occupied  by  the  accompanying  ds  atom.  This 

change  needs  to  be  made  in  Eas  8a  and  SK  t*  •  ,  ,  , 

tqs.  and  8b.  It  rs  noted  that  the  terms  corresponding  to  the  intra-  and 

interlayer  surface  migrations  need  not  be  modified  as  the  chances  in  lb,  a  i  .  .  , 

nanges  in  the  As  molecular  species  do  not  influence 


rates  of  these  processes  directly. 


The  evaporation  and  surface  migration  processes  are  described  by  Arrhenius  type  rate  equations  such  as: 


where  R  is  the  rate  and  R0  is  the  frequency  factor  of  the  process  in  sec-1.  Eaci  is  the  activation  energy  of 
the  process  for  an  isolated  terrace  adatom,  I<aa  is  the  second  nearest  neighbor  pair  interaction  energy  in  the 
(100)  plane  and  n  is  the  number  of  nearest  neighbors  of  the  atom  under  consideration.  Thus,  the  activation 
energy  term  appearing  in  the  argument  of  the  exponential  is  coverage  dependent  with  n  equal  to  zero  and 
four  for  low  and  high  coverages,  respectively.  In  general,  the  Eact  for  surface  migration  is  smaller  than  that 
of  evaporation.  In  this  study,  the  Eact  for  interlayer  and  intralayer  migrations  are  assumed  to  be  equal.  The 
surface  migration  of  an  atom  to  non-SOS  site  is  not  allowed. 

The  model  parameters  for  the  present  study  of  the  MBE  growth  of  GaAs  were  obtained  from  the  literature 
and  the  MBE  growth  parameters  of  Ref.[l].  The  atom  pair  interaction  energies  for  the  second  nearest 
neighbors  Ga  -  Ga  and  As  -  As  were  obtained  as  0.25  eV  and  0.325  eV,  respectively,  based  on  the  data 
reported  in  Ref. [20].  The  frequency  factors  for  the  evaporation  and  migration  processes  were  chosen  as  1.0 
x  1013 /sec.  The  activation  energy  for  surface  migration  of  isolated  Ga  and  As  atoms  was  chosen  as  1.3  eV 
based  on  Ref.[7].  Based  on  Ref.[6],  the  activation  energy  for  evaporation  of  an  isolated  As  was  chosen  as 

1.675  eV. 

The  MBE  growth  parameters  for  this  study  were  obtained  from  the  experimental  data  given  in  Ref.[l]. 
The  growth  temperature  was  chosen  in  the  range  723  —  873°K  and  the  flux  rate  was  set  at  2  A/sec.  The 
cation  to  anion  flux  ratio  employed  for  the  study  was  in  the  range  1  :  10  to  1  :  20.  It  is  noted  that  the  (100) 
substrate  surface  employed  in  this  study  is  flat  without  any  steps. 

The  material  and  growth  data  discussed  above  were  employed  to  calculate  the  model  parameters  according 
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.O  «».  procedure  derailed  section  ,VB  of  Ref.,17].  The  model  parameters  were  obtained  as  a  function  of 
growth  temperature.  The  time  evolution  eq„a.io„s  glve„  by  Eqs  8a  and  8b  with  modifications  discussed  in 
Ed  4,  and  the  boundary  condi, tons  corresponding  a  fiat  substrate  described  by  Eq  14  of  ^  were  „lved 

numerically  on  a  CRAY  YMP  2/216  at  NSCEE.UNLV  Nevada  The  CPU  tim  f  4  •  , 

i.v ,  ixevaaa.  Ibe  CPU  time  for  a  typical  growth  of  20 

^  °f  GgAs  was  about  4  hours. 


2.3  Results  and  Discussion 

Concentration  profiles  were  obtained  as  a  function  of  time  for  various  growth  temperatures.  They  am  shown 
ror  82«,  848.K  and  87«  in  Eigure  2a-c,  respectively,  for  fiux  ratio  ,  =  10  and  in  Eigu,e  3a-c  for  fin,  ratio 

1 ;  20  B"°’'  82rK'  '°°k  *°  ‘he  profile  of  823‘K  and  therefore  are  no. 

displayed.  Prom  Fibres  2  and  3,  it  is  observed  that  a,  and  below  823-K,  the  growing  surface  is  ^-stabilised 

as  is  expected  when  the  cation  to  anion  flux  ratio  is  1  :  10  or  higher  But  M  , 

gner.  Uut,  as  the  temperature  increases, 

growth  surface  becomes  less  As-stabilized.  It  is  also  observed  that  the  time  delay  between  the  growth 
of  the  Ga  and  subset  As  layers  is  constant  throughout  the  growth  of  the  As  layer  for  temperatures 
below  823-K.  Above  823-K,  the  time  delay  ,s  ,arger  a,  the  start  of  growth  of  As  layer  compared  to  the  the 
completion  of  the  layer.  The  time  delay  within  the  growth  of  a  monolayer  of  As  decreases  with  time.  This 
effect  ,s  prominent  and  larger  for  higher  temperatures  and  lower  flux  ratios. 

The  above  observes  about  the  time  evolution  of  the  concentration  profiles  can  be  explained  as  fob 
‘owe.  Th,  growth  of  an  As  layer  is  controlled  by  two  surface  processes;  adsorption  and  evaporation.  At 
temperature,  lower  than  823»K.  the  evaporation  of  surface  As  is  negligible  and  therefore,  the  growth  rate 

18  eq“,l  l°  ““  SdSOrPl,°n  WhiCh  iS  — “  S‘°»th  of  a  layer.  Thus,  the  time  delay  during 

the  growth  of  the  layer  is  constant  with  tim**  tt 

time.  If  the  temperature  is  above  823*K,  the  temperature  is  high 

enough  that  the  evaporation  of  surface  As  begins  Tk  r 

g  •  The  growth  of  an  As  layer  is  now  controlled  by  the 

competition  between  the  adsorption  and  evanm-nii™  m, 

evaporation  processes.  The  growth  rate  is  the  difference  between 
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the  adsorption  rate  and  evaporation  rate.  The  adsorption  rate  is  independent  of  the  coverage,  whereas,  the 
evaporation  rate  critically  depends  on  the  coverage  through  the  activation  energy  for  evaporation  which  is 
the  binding  energy  of  the  atom  as  discussed  under  Eq  5.  The  binding  energy  of  a  surface  As  pair  increases 
with  coverage.  Therefore,  at  the  start  of  the  growth  of  an  As  layer,  the  binding  energy  of  the  As  pair  is  the 
smallest  possible  and  therefore,  the  evaporation  rate  is  the  largest  as  given  by  Eq  5.  The  growth  rate  given 
by  the  difference  between  the  constant  adsorption  rate  and  the  large  evaporation  rate  is  small.  Therefore, 
there  is  a  large  time  delay  at  the  start  of  the  growth.  As  the  coverage  increases,  (i.e.),  n  increases,  the  As 
atoms  attain  more  nearest  neighbors,  and  hence  their  binding  energy  increases  which  results  in  a  decrease  of 
the  evaporation  rate  as  given  by  Eq  5.  Then,  the  growth  rate  increases  with  the  coverage  which  results  in  a 
continuous  decrease  of  the  the  time  delay.  The  time  delay  is  more  at  higher  temperature,  due  to  an  increase 
in  the  evaporation  rate  and  at  lower  flux  ratio  due  to  smaller  adsorption  rate.  Thus,  at  lower  temperatures 
and  higher  flux  ratios,  the  surface  appears  more  As-stabilized.  The  description  of  the  surface  processes  is  in 
complete  agreement  with  the  mechanisms  proposed  in  Ref.[l]  based  on  the  experimental  observations. 

The  intensity  of  a  specular  spot  (1°  off  Bragg)  of  reflection  high  energy  electron  diffraction  system  with 
10  kV  electron  beam  was  calculated  using  kinematical  theory  of  electron  diffraction  as  a  function  of  growth 
time.  The  time  averaged  RHEED  intensities,  TRI( T)  were  calculated  for  various  growth  temperatures.  A 
plot  of  TRI( T)  versus  growth  temperature  is  shown  in  Figure  4  for  flux  ratios  1  :  10  and  1  :  20.  The 
TRI( T)  decreases  below  and  above  a  certain  called  the  transition  temperature,  and  is  identified  as  770  K 
and  800°K,  respectively,  for  flux  ratios  1  :  10  and  1  :  20.  The  lower  TRI( T)  above  and  below  the  transition 
temperature  is  directly  related  to  rougher  surface.  Below  the  transition  temperature,  the  thermal  activation 
for  surface  migration  is  low  and  therefore,  the  Ga  and  As  atoms  randomly  adsorb  on  the  surface  at  sites  of 
their  arrival  resulting  in  a  rough  surface.  As  temperature  increases  towards  the  transition  temperature,  the 
thermal  activation  and  hence  surface  migration  increases,  resulting  in  adatoms  finding  energetically  more 
stable  sites.  This  surface  process  decreases  the  surface  roughness.  Above  the  transition  temperature,  the 


35-  9 


evaporation  of  *  begins  resulting  a  rougher  surface.  The  roughness  of  the  surface  directly  correia, es 
ased  RHEED  intens.ty  due  to  destructive  interference  of  the  electron  waves  reflecting  from  various 
surface  layers.  Thus,  the  RHEED  intensity  peahs  a,  the  transition  ,emperat„,e.  The  dux  ratio  dependence 
of  TRim  can  be  chained  -  follows.  Lowe,  dux  ratio  results  longer  time  for  the  formation  of  surface 
atom  dusters  with  more  than  two  As  atoms.  This  implies  that  the  average  evaporation  rate  during  the 

growth  of  monolayer  of  As  is  iarger  due  lower  coverage  dependent  activation  energy  for  evaporation  and 

hence  lower  transition  temperature  This  is  in  j 

in  good  agreement  with  the  work  of  Chen  et  al.  [1], 

The  experimental  observations  of  steady  state  Rmrrn  •  * 

y  tate  RHEED  intensity  were  explained  in  Ref.[l]  in  terms  of 

the  competition  between  various  surface  processes  such  as  adsorption  and  evaporation  of  atoms  which  are 

surface  roughen, „g  process  and  the  atom,  migrating  to  th,  step  edge,  which  is  a  surface  smoothing  process 

Th,s  explanation  is  s.milar  to  the  one  given  in  this  paper  a.  discussed  below.  Surface  roughening  occurs 

a.  all  temperatures  due  to  random  incorporation  of  atoms.  At  low  temperatures,  the  surface  migration  is 

I-  and  hence  the  surface  smoothing  effect  is  less.  But,  a,  high  temperature,  the  interlayer  and  intralayer 

surface  mrgrat.on  aid  atoms  reaching  energetically  favorable  sites.  Above  the  transition  temperature, 

evaporation  of  As  from  the  surface  is  responsible  for  the  rougher  surface  and  lower  RHEED  intensity  which 

,  in  agreement  with  the  proposed  mechanism  in  Ref.(„.  Thus,  the  stochastic  mode,  developed  in  Ref  [17.19] 

and  used  in  this  study  for  the  MBE  growth  studies  of  CoAs  (100),  accurately  describes  the  nineties  of  surface 

toughening  of  CuAs  and  also  aids  in  understanding  the  details  of  the  mechanisms  underlying  the  surface 
roughening  phenomenon. 

The  plot  of  TRI  versus  temperature  obtained  in  this  study  was  compared  with  that  of  the  experimental 

study  of  Chen  et  al  [1]  and  semi-quantitative  agreement  between  the  results  was  obtained.  There  are  two 

main  reasons  for  the  quantitative  differences  between  the  results-  (i)  The  , 

•  (0  The  molecular  species  is  employed  for 

the  experiments  ,Asf,  and  our  worh  (As,)  are  different,  (ii,  the  dux  ratios  employed  in  the  experiment  and 
our  work  may  be  different  as  experimental  flux  ratios  are  always  reported  in  equivalent  beam  pressure  ratios 


not  in  terms  of  rates  of  arrival  of  anion  to  cation  as  done  in  our  work.  Both  of  this  can  influence  the  result 
of  transition  temperature  quantitatively. 

2.4  Summary 

The  stochastic  model  of  MBE  growth  based  on  the  master  equation  approach  with  solid-on-solid  restriction 
and  quasi-chemical  approximation  employed  for  the  study  of  surface  processes  in  (100)  GaAs  growth.  The 
growth  rate,  the  time  averaged  surface  roughness  and  the  time  averaged  RHEED  intensity  were  obtained  for 
various  growth  temperatures.  The  kinetic  surface  roughening  transition  temperature  for  the  MBE  growth  of 
GaAs  is  identified  as  770°K  and  800°K  for  flux  ratios  1  :  10  and  1  :  20,  respectively,  from  the  temperature 
dependence  of  the  time  averaged  RHEED  intensity.  The  results  of  this  study  compare  favorably  with  that  of 
the  experiments  obtained  under  similar  growth  conditions[l].  The  phenomenon  of  kinetic  surface  roughening 
transition  in  the  MBE  growth  of  GaAs  (100)  is  explained  in  terms  of  the  competition  among  various  surface 
processes  such  as  the  incorporation  and  evaporation  of  atoms  which  roughen  the  surface  and  the  surface 
migration  of  atoms  to  energetically  favorable  sites  which  smoothens  the  process. 


3  Surface  Ordering  Kinetics  of  GaAlAs 

3.1  Background 

The  presence  of  long  range  ordering  in  as-grown  epilayers  reduces  the  band  gap  of  the  material  and  thus  has 
implications  for  optoelectronic  device  applications.  Long  range  order  has  been  observed  in  many  compound 
semiconductors  grown  by  MBE  and  MOCVD  [21-22],  A  few  of  the  compound  semiconductors  which  exhibit 
such  order  in  as  grown  samples  are:  GaAlAs,  GaAsSb,  InAsSb ,  GalnAs  and  GalnP.  The  presence  of 
ordering  in  the  epilayers  is  usually  observed  using  transmission  electron  microscopy  (TEM).  The  ordering 
observed  in  these  compounds  has  been  shown  to  be  affected  by  growth  and  surface  conditions  and  to  be 
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dependent  „„  orient..™,  For  example,  in  MBE  grown  G^.AJA.,  it  was  observed  that  the  degree  of 
ordering  as  observed  in  tern,,  of  the  intensity  of  snperstrnetnr,  regions  in  TEM  observations,  depend,  on 
the  substrate  orientation,  growth  temperature  and  the  Al  content  [22], 

■n  this  work,  the  stochastic  model  approach  deveioped  for  the  study  of  the  MBE  growth  of  compound 

semiconductors  [17-19]  is  emp.oyed  to  study  the  MBE  surface  ordering  kinetics  of  C^.AUAs.  In  section 

3.2,  a  brief  discussion  of  the  stochastic  model  for  the  MRR  aii  •  .  . 

model  tor  the  MBE  alloying  studies  is  presented.  The  results  of  the 

surface  ordering  kinetic  study  of  Ga,  Al  J,  j:  , 

j  l  x-A.lxAs  are  discussed  and  comnared  with  tv.«a  _ .  i  • 


Ref. [21]  in  section  3.3.  Summary  is  stated  in  section  3.4. 


and  compared  with  the  experimental  work  of 


3.2  Stochastic  Model  for  Alloy  Kinetic  Studies 

The  details  of  the  development  of  the  stochastic  model  for  the  MBF 


has  been  presented  elsewhere  [17,18].  Due  to  limited 
are  discussed  in  the  following  section. 


for  the  MBE  growth  of  alloy  compound  semiconductors 
space,  only  the  salient  features  of  the  stochastic  model 


3.2.1  Time  Evolution  Equations  for  MBE  Kinetics 

astic  model  describes  the  time  evolution  of  the  macrovariables  of  growth  in  terms  of  the  rates 
of  the  surface  kinetic  processes.  The  development  of  the  model  is  based  on  the  master  equation  scheme 

aud  *h.  random  distribution  approximation.  The  assumptions  necessary  for  the  derivation  are:  (i)  a  rigid 

zinc  blende  lattice  oriented  along  the  001  dirertinn  /;;\  ■  • 

g  001  direction  (u)  exclusion  of  the  effects  of  surface  reconstruction  and 

Strain  (iii)  exciusion  of  tb.  creation  of  anti-site  defects  The  kinetic  process  considered  in  the  d„c,ip.io„  of 

the  rime  evoiutron  equations  are:  adsorption  and  surface  migrat.on  of  Gu,  Al  and  In  AU  of  the  arriving 

cations  (Ga  and  Al)  are  allowed  to  adsorb  at  or  the  near  the  sites  nf  th  ■  •  ,  , 

ne  near  the  sites  of  their  arrival  depending  on  whether 

they  arrive  at  a  proper  site  <ainrp  all  *  ■  • 

•  e  all  the  arriving  cations  absorb  at  the  site  of  their  arrival  or  a  nearest 

neighbor  site,  the  sticking  coefficient  nf  tho  .,t; 

ons  is  maintained  at  unity  as  experimentally  observed.  In 
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the  range  of  temperature  of  this  study,  the  evaporation  of  atoms  is  assumed  to  be  negligible.  The  rate  of 
surface  migration  of  atoms,  R  (sec  ),  is  given  by. 

R  =  e{E.ci+xK„)/kT  (6) 

where  R0  is  the  frequency  factor  and  the  Eact  the  activation  energy  for  an  isolated  atom  on  the  terrace,  x 
the  number  of  in-plane  atom-atom  bonds  and  I<aa  the  interaction  energy  of  such  a  bond.  Both  the  mtralayer 
and  interlayer  surface  migrations  rates  are  assumed  equal. 

3.2.2  Macrovariables 

Two  sets  of  macrovariables  -  one  for  each  sublattice  can  be  defined.  For  the  purpose  of  this  study,  it  is 
assumed  that  the  cations  belong  to  the  even  sublattice  and  the  anion,  As,  belongs  to  the  odd  sublattice.  The 
macrovariables  for  the  2 nth  layer  are:  concentration  variables,  CGa(2n)  and  CAt{ 2n),  atom-vacancy  bond 
densities,  QGa(2n)  and  Qa f(2n)  and  atom-atom  bond  densities,  JVGaAl(2n),  NGaGa(2n)  and  NAiai(2h). 
All  the  bonds  referred  to  in  this  manuscript  are  second  nearest  neighbor  bonds,  where  the  whole  crystal 
is  considered.  They  are  also  the  first  nearest  neighbor  inplane  bonds  in  the  (001)  plane.  Of  the  seven 
macrovariables,  only  five  are  independent  because  of  the  following  relations: 

NGaGa( 2n)  =  2  CGa(2n)  —  2*5t?o(2n)  —  -^NGaAi{2ri) 

for  Ga  -  Ga  bond  density, 

NAiAi(2n)  =  2  CAi(2n)  -  ^ QA,(2n )  -  ^NGaAi(2n) 
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for  Al  —  Al  bond  density  and 


where 


Nvv(2n)  _  2  (C„(2n))  -  ^Q{2n) 


Cv(2n)  =  (1.0  —  C(2n)) 


C(2n)  -  CGa(2n)  +  CA,(2n) 


Q(2n)  -  Qoa(2n)  +  Qa,(2ti) 

where  C.( 2»)  is  the  vacancy  densiiy,  and  C(2„)  is  the  total  atom  concentration  in  the  2„-  layer.  Eq.  2, 

“  “  a“Umed  tha“  the  inpl“e  "“mb«  “  Similar  set  of  stations  can  be  written  for  the 

anion  sublattice.  Tor  the  study  «****.,  only  the  catio„  ^  ^  ^  ^  ^  „ 

two  kinds  of  atoms-  Ga  and  Al  are  present  in  the  cation  sublattice  and  only  ,4s  atoms  present  in  the  anion 
sublatt.ce.  There  will  be  hve  .dependent  variables  for  the  cation  sublattice  and  two  independent  variables 
for  the  anion  sublattice.  Thus,  there  is  a  total  of  seven  independent  macrovariables  whose  time  evolution 
needs  to  be  modeled  for  a  complete  description  of  the  MBE  growth  kinetics.  In  this  study,  the  independent 

variables  for  the  cation  sublattice  are  chosen  as:  GCo(2n)  C*,( 2nl  O  to  *  n  ,o  ,  - 

Ga(* a)  cM2n)>  Qgo( 2n),  Qa,( 2n)  and  NGaA,( 2n).  For 

the  anion  sublattice,  the  independent  variables  are:  CU,(2n+l)  and  Q^(2n+1). 

3.2.3  The  Gai_zAlxAs  Alloy  System  and  Model  Parameters 

The  Ga  -  Ga,  Al  -  Al  and  Ga  -  Al  second  nearest  neighbor  pair  interaction  energies  were  obtained  from 
the  first  principle  calculations  and  found  to  be  [6]: 
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Voa-Ga  =  O.OOOeK, 


Vai-ai  =  O.OOOeV 

VGa-Ai  =  0.134eU  (») 

It  is  noted  that  the  VGa-Ga ,  Vaj-aj,  and  VGa-Ai  are  different  for  sigma  and  pi  bonds  (i.e.),  if  they  are 
along  the  covalent  bond  or  perpendicular  to  it.  Since,  the  present  model  is  unable  to  differentiate  between 
the  sigma  and  pi  bonds  in  a  layer,  the  energy  values  are  averaged  and  used  for  both  types  of  bonds.  This 
assumption  is  one  of  the  possible  reasons  that  the  present  study  may  show  the  correct  kinetics,  but  may 
not  show  the  correct  type  of  ordering  in  the  grown  crystal.  The  activation  energy  of  surface  migration  for 
Ga  and  Al  are  assumed  to  be  1.3  eV  and  the  frequency  factor  is  assumed  to  be  1.0  x  1013/sec.  The  growth 
conditions  considered  for  this  study  are:  flux  rate  of  cations  is  2  A/ sec;  cation  to  anion  flux  ratios  1  :  10,  1 
:  20  and  1  :  30;  and  substrate  temperatures  in  the  range  of  760  -  880°K. 

Since  the  equations  governing  the  time  evolution  of  the  macrovariables  are  coupled,  nonlinear,  first- 
order  differential  equations,  they  are  not  analytically  integrate.  They  were  numerically  integrated  using  a 
numerical  integration  scheme  on  a  CRAY  YMP  2/216.  The  average  computational  time  for  a  typical  growth 
of  7  monolayers  was  3-4  CPU  hours. 

3.3  Results  and  Discussion 

The  macrovariables,  CGa(2n),  CUi(2n),  C/t,(2n-(-l),  QGa(2n),  Qai( 2n),  QAj(2n+l),  and  YGa^i(n)  were 
obtained  as  a  function  of  time  for  various  temperatures  in  the  range  of  760-880<>K  which  is  the  typical  range 
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of  growth  for  these  compounds.  The  short 


range  order  (SRO)  parameter  defined  by: 


SRO  =  W jW«(2n)  +  NAlA,(2n)  -  jVg^(n)\ 

\  C(2n)  J  (9) 

uated  or  various  flux  ratios,  temperatures  and  arsenic  species.  The  SRO  defined  in  Eq.  4  is  0.0,  1.0 
and  2.0  fo,  completely  segregated,  completely  random  and  completely  ordered  alloys,  respectively. 

A  Plot  of  SRO  parameter  versus  temperature  is  shown  in  Figure  1  fo,  the  case  of  the  diatomic  molecular 
species  As2  (cracked  arsenic,  with  flux  ratios  of  ,  :  10,  ,  :  20  and  1  :  30.  The  kinetic  „,der-di»rder 
temperature  seen  from  Figure  1  to  be  770‘K,  800»K  and  810-K  fo,  flux  ratios  of  1  i  10,  1  :  20  and  1 
30,  respectively.  The  temperature  dependence  of  the  SRO  parameter  can  be  explained  as  follow.  In 
the  low  temperature  regime,  the  effective  migration  rate  of  On  and  Cl  atoms  is  sma„  and  therefore,  their 
chances  of  sampling  many  different  surface  atomic  configurations  is  limited.  Thus,  these  atoms  incorporate 
random, y  at  their  arrive,  sites  leading  to  a  smaller  SRO  parameter.  As  the  temperature  i„cre„es,  the 
g  n  rate  increases  resulting  in  more  sampling  of  various  surface  configurations  by  the  Ga  and 
A,  atom,  which  enables  them  to  find  energetically  favorable  atomic  sites  more  efficiently.  At  and  above 

the  transition  temperature,  the  thermal  energy  becomes  comparabie  to  the  energy  difference  between  the 

energetically  most  and  least  favorable  surface  atnmi’,-  « 

configuration.  Thus,  the  thermal  randomization  of 

surface  atomic  configurations  sets  in  and  leads  to  a  more  random  arrangement  of  Gu  and  A,  atoms,  resulting 

“  ”  °f  ll"  SR°  Pa'ameter  W“h  Tl“  •— *-  temperature  and  the  maximum  value 

of  the  SRO  parameter  are  lower  for  lower  flux  ratine  , ,  _ 

tios  because  the  effective  migration  rate  for  lower  flux  ratios 

are  higher. 

A  plot  of  the  temperature  dependence  of  the  Isolate  m  „ 

ttie  Isolated  Terrace  Cation  Parameter  (ITCP)  (ITCP  is  the 

concentration  of  isolated  terrace  cation  which  can  be  obtained  from  the  concentrations  of  cations,  atom- 
vacancy  bond  density  and  atom-atom  bond  density  using  randon  distribution  approximation  as  defined  in 


Ref.  19)  is  shown  in  Figure  2.  The  ITCP  increases  with  temperature  for  flux  ratios  1  :  10,  1  :  20  and 
1  :  30.  This  behavior  indicates  that  the  transition  temperature  is  dose  to  760°K  which  is  consistent  with 
the  results  of  Figure  1.  The  physical  explanation  of  thermal  randomization  increasing  the  concentration  of 
isolated  terrace  adatoms  correlates  well  with  decreasing  degree  of  ordering. 

Similar  trends  in  the  temperature  dependence  were  observed  for  the  case  of  monatomic  .As.  It  is  not 
reported  here  due  to  limited  space.  These  results  were  compared  with  the  experimental  work  reported  in 
Ref.[21].  The  qualitative  agreement  between  the  results  in  terms  of  the  temperature  dependence  of  the  SRO 
parameter  is  excellent.  One  of  the  major  differences  between  the  results  is  that  the  type  of  ordering  reported 
in  Ref. [21]  for  the  MBE  growth  of  (100)  Ga0  5A/o.5As  Experimentally,  Ll0  type  ordering  is  observed.  Our 
results  show  the  ordered  structure  in  which  Ga  atoms  are  surrounded  by  Al  atoms  and  vice  versa.  The  above 
described  structure  is  not  an  Ll0  type  ordered  structure.  The  reasons  for  this  discrepancy  in  the  type  of 
ordering  are  as  follows.  Firstly,  the  L 10  type  ordering  results  from  the  difference  between  the  bulk-surface 
and  surface-surface  pair  interaction  energies  of  atoms  which  the  stochastic  model  does  not  take  into  account. 
Secondly,  the  atom  pair  interaction  energies  for  sigma  and  pi  bonds  were  averaged  out  and  both  bonds 
were  treated  equal  for  simplicity.  At  present,  the  authors  are  working  on  incorporating  this  detail  into  the 
stochastic  model. 

3.3.1  Summary 

The  surface  kinetics  of  MBE  growth  of  (100)  Gao.  5  A/0.5  As  was  studied  theoretically  using  the  stochastic 
model  for  various  growth  conditions.  The  degree  of  ordering  was  obtained  in  terms  of  the  short  range  order 
(SRO)  parameter.  The  order-disorder  temperature  was  obtained  for  flux  ratios  of  1  :  10,  1  :  20  and  1  : 
30.  Both  As  and  As 2  species  were  considered.  For  the  As2  soource,  the  order-disorder  temperature  was 
found  to  be  780°K  with  a  maximum  degree  of  ordering  of  85  %  for  a  flux  ratio  of  1  :  10;  800°K  with  a 
maximum  degree  of  ordering  of  84  %  for  a  flux  ratio  of  1  :  20;  and  810°K  with  a  maximum  degree  of  ordering 
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of  83  %  for  a  flax  ratio  of  I  .-  30.  The  results  are  good  quali.ati iva  agreement  with  experiments.  Tha 
surfaca  ordering  k.nat.cs  observed  can  ba  described  in  terms  of  the  effective  surface  migration  rata  of  cations 
“  follows.  Tha  qualitative  agreement  between  experrments  and  theory  is  excellent.  The  key  difference 
between  the  experiments  and  theory  is  in  the  type  of  ordering  observed.  This  d.fferenc.  is  attributed  to  the 


indistinguishability  of  various  types  of  second 
surface-bulk,  in  the  present  stochastic  model, 
in  the  bonds  in  to  the  stochastic  model. 


nearest  neighbor  bonds,  (i.e.),  sigma,  pi,  surface-surface  and 
Presently,  work  is  in  progress  to  incorporate  these  differences 


4  Doping  Kinetics  in  Semiconduct 


ors 


4.1  Background 

Doping  an  epilayer  during  its  growth  by  coevapora.ing  the  dopant  has  been  the  standard  practice  in  molecular 
beam  epitaxy  (MBE)  of  sem, conductors.  Due  to  low  growth  rate,  (1  pm/hr.)  ,„d  Iow  temperature  of 
growth  (i.e.,  limited  or  negligible  bulk  diffusion),  abrupt  dopant  profiles  should  be  achievable  in  MBE  grown 
epilayers.  However,  fo,  many  dopants  in  Si  MBE  growth,  either  a  smearing  of  the  dopant  profile  and/or 
surface  enrichment  of  the  dopant  have  been  observed  experimentally  [24J.  In  addition,  it  has  been  observed 

that  some  dopants  incorporate  inefficiently  in  some  semiconductors  due  to  excessive  evapor.tron  dictated  by 
low  binding  energy  of  these  dopants  to  the  growing  surface. 

Many  theoretical  models,  both  thermodynamic  and  kinetics  based,  have  been  proposed  to  explain  these 
experimental  observes.  Iyer  et  al  [25]  proposed  a  kinetic  model  which  deserrbed  the  time  evolution  of 
surface  concentration  of  dopant  in  terms  of  incorporation  and  evaporation.  Their  mode,  was  good  enough 
to  explain  man,  exper, mental  observations  in  the  doping  of  Si  and  GaAs  [25],  However,  it  did  not  explicitly 
include  the  surface  segregate  phenomenon.  Barnet,  et  ,1  [26]  proposed  a  model  including  the  segregation 
phenomenon  m  wh.ch  they  assumed  that  dopants  from  several  nanometers  of  subsurface  diffuse  to  the 
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surface.  Rockett  et  al  [27]  proposed  a  kinetic  model  to  describe  the  surface  segregation  phenomenon  of 
Sn  in  GaAs.  In  their  approach,  a  relationship  between  the  bulk  diffusion  coefficient  and  surface  diffusion 
coefficient  was  assumed.  This  relationship  does  not  include  effects  of  surface  conditions  such  as  the  roughness 
or  coverage.  From  the  analysis  and  comparison  of  the  results  of  their  model  with  the  experiments,  they 
concluded  that  their  model  was  sufficient  to  explain  the  experimental  observations.  Andrieu  et  al  [24] 
proposed  new  physical  mechanism  of  dopants  climbing  to  the  surface  and  developed  a  rate  equation  model 
based  on  this  assumption.  Their  model  was  able  to  explain  the  surface  segregation  phenomenon  satisfactorily. 
However,  the  pre-exponential  factor  for  their  rate  processes  was  10“  ns-1  which  is  not  physically  justifiable. 

Even  though  each  of  these  model  is  suitable  for  one  or  more  dopant-semiconductor  systems,  none  of  them 
is,  however,  completely  satisfactory  for  all  systems,  incorporate  all  observed  effects.  The  model  developed 
by  Andrieu  et  al  [24]  appears  to  be  the  best  available  model,  it  employs  physically  unjustifiable  exponential 
prefactors  and  therefore  is  questionable.  This  manuscript  proposes  a  general  rate  equation  model  which  cap¬ 
tures  most  aspects  of  the  in-situ  doping  kinetics  and  employs  physically  reasonable  and  justifiable  parameters. 
Thus,  it  overcomes  most  of  the  limitations  of  the  earlier  proposed  models. 

The  phenomenological  rate  equation  model  is  presented  in  section  4.2.  A  discussion  of  the  model  param¬ 
eters  is  presented  in  section  4.3.  The  results  of  the  application  of  this  model  to  In  doping  of  Si  are  presented 
and  compared  with  available  experimental  data  in  section  4.4.  A  discussion  of  the  results  is  also  presented 
in  section  4.4.  Summary  is  presented  in  section  4.5. 


4.2  Rate  Equation  Model  for  Doping 

The  elementary  surface  kinetic  processes  that  control  the  doping  kinetics  are:  adsorption,  evaporation  and 
interlayer  migration  of  the  the  host  atom,  Si,  and  the  dopant,  In,  (In  is  chosen  for  this  study,  but  the  model 
is  general  and  can  be  applied  to  any  system).  The  rate  of  change  of  concentration  of  Si  in  the  n  layer 
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can  be  written  in  terms  of  the  rates  of  microscopic  kinetic  processes  such  as  dtscussed  above.  Describing  the 
time  evolution  of  the  concentration  of  Si  in  the  n‘h  layer,  C(n),  we  get: 


dCsi(n) 


=  Jsi  [C(n  -  1)  -  C(n)] 


Rq£ 


+  R0e 


R0e~^r-s‘  [C(n)  _  C(n  +  1}]  ^(n)j 
R°e  [C(n  -  1)  -  C(n)] 

('  C(n  +  1)  [C(ri  +  ~  C(n  +  2)]  [C(n  -  1)  -  C(n)]\  (C) 

-  E _ j.,  „  ,  / 


V  C(n) 

x  ([C(n  +  1)  -  C(n  +  2)]  [C(n-1) -£(„)]) 


Term  A  describes  the  rate  of  adsorption  of  «n  th  i 

n  ayer  ln  ^errns  °f  the  available  sites  for  adsorption, 

[C(n  -  1)  -  C(n)],  and  the  flux  rate,  JSi.  The  desrrintinn  :n  m  a 

-s,  ine  description  in  Term  A  assumes  that  the  atoms  adsorb 

With  unity  sticking  probability  a,  situ,  which  ar,  ev.i„b,.  for  adsorption.  Term  B  describe,  the  rate 
of  los,  of  Si  from  the  iayer  due  to  evaporation  in  term,  of  the  nnnrber  of  atones  exposed  to  vapor, 

P(n)  -  C( n  +  1)1,  the  frequency  factor  which  is  assumed  to  he  lO^/sec.  and  the  average  activation 

energy  for  evaporation  of  Si  atoms  which  depenrU  nn  U,  ,  . 

P  n  the  concentration  of  the  layer.  In  this  description,  it  is 

assumed  that  number  of  nearest  neighbors  fo,  a  *  atom  increases  directly  as  the  concentration  of  Si  in  the 

layer.  Note  that  since  the  dopants  are  in  ppm  lev„s  that  the,  do  no,  affect  the  binding  energy  of  Si  atoms. 

Thus,  the  average  activation  energy  for  evaporation  of  a  Si  atom  in  the  n layer,  Eavt<.va,Sit  is  given  by: 


Eave,eva,Si  -  Ei$0tCVaSi  +  zEsiSiCsi(n) 


(11) 


where  z  is  the  inplane  coordination  number  which  is  4  for  (001)  plane  and  6  for  (111)  plane  and  Estsi  and 
Eito,eva,Si  are  the  second  nearest  neighbor  interaction  energy  and  the  activation  energy  for  the  evaporation 
of  an  isolated  Si,  respectively.  (Note  that  in  the  (001)  and  (111)  planes,  the  nearest  neighbor  atoms  are 
actually  the  second  nearest  neighbor  atoms  when  the  whole  crystal  is  considered.)  Term  C  in  Equation  1 
is  the  rate  of  gain  of  Si  atoms  in  the  nth  layer  due  to  interlayer  migration  of  Si  to  the  nth  layer  from  the 
adjacent  layers,  n-landn+1.  Term  D  in  Equation  1  is  the  rate  of  loss  of  Si  atoms  in  the  nth  layer  due  to 
interlayer  migration  of  Si  from  the  nth  layer  to  the  adjacent  layers,  n  -  1  and  n  +  1.  The  average  activation 
energy  for  the  migration  of  Si,  Eave,dij,Si  is  given  by: 

Eave,diJ,Si  =  Eiao,dif,Si  +  zEsiSiCsi(n)  (^ 

where  Eia0:dij,Si  is  the  activation  energy  for  interlayer  migration  of  an  isolated  Si  atom. 

Similar  equation  for  the  rate  of  change  of  dopant  concentration  in  the  nth  layer  can  be  written  by  simply 
replacing  Si  with  In  where  In  stands  for  the  dopant.  In  the  rate  equation  for  the  dopant,  the  activation 
energy  for  evaporation  and  migration  should  be  redefined  as: 

E<xvtatvajn  =  & iso,eva,In  +  zEsunCsi(n)  (13) 


e,dif,In  —  EiaotdiftIn  T  Z  E Si  In  C S  i  (  n  ) 


respectively.  In  the  description  of  Equations  4  and  5,  the  fact  that  the  second  nearest  neighbors  of  dopant 
atoms  are  essentially  Si  atoms  due  to  the  ppm  level  concentrations  of  dopant  utilized. 
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4.3  Model  Parameters  and  Growth  Parameters 

The  activation  energy  for  the  evaporation  of  an  isolated  Si  F  ,  , 

E, so,eva,si,  can  be  obtained  for  (100)  and  (111) 

growths  as  2.6  eV  and  3.2  eV,  respectively  1201  Tt»0  > 

pectiveiy  [20],  The  second  nearest  neighbor  interaction  energy,  Esisi  for 

(100)  and  (111)  growths  are  estimated  to  be  0  25  eV  and  0  r 

*  eV  and  0.325  eV,  respectively  from  Ref.[20],  The  activation 
p  ation  of  In  is  not  reported  in  the  literature.  Thus,  a  trial  and  error  approach  was  taken  to 

fit  two  of  the  data  points  on  the  concentration  of  7n  versus  j,  plot  reported  in  Ref.[28].  Thus,  we  obtained  a 

value  of  1.6  eV  and  -0.25  eV  for  E-  ,  r 

and  Esu„,  respect,vely.  The  activation  energy  for  migration  of 

an  isolated  Si,  Eiso  di/  5i,  was  chosen  as  0  8  eV  based  on  avail  ki 

ased  on  available  experimental  data  for  activation  energy 

for  St  [7],  Eh0idi/Jnt  was  assumed  to  be  equal  to  that  of  Si  for  lack  of  available  data. 

The  growth  parameters  were  chosen  exactlv  a=  r  .u 

y  used  for  the  experimental  work  reported  in  Ref.  [24]  and 

are  presented  below.  The  flux  rate  of  Ci  t  > 

rate  of  5,,  was  kepl  at  I(Im/hr  The  ^  ^  ^  ^ 

J Si  j  J in i  was  maintained  at  2  y  in-4  't,u~ 

•  he  evaporation  of  Si  was  negligible  in  the  temperature  range  of 

this  study  and  therefore  the  growth  raip  nf  f  v, ^  ^  #i 

g  of  the  ep, layer  was  approximately  equal  to  the  Jsi.  The  substrate 

temperature  was  in  the  range  500  —  750°C 

The  differential  eqnat,o„s  given  hy  Ration  ,  and  a  similar  one  for  are  coupled  non-linear  first  order 
differentia,  equa«io„s  which  are  no,  analytically  lntegrab]e.  ^  ^  ^ 

icallv  on  the  CUV  VMP2/245  located  at  National  Supercomputer  center  lor  Energy  and  Environment 
(NSCEE,  at  University  of  Nevada,  Laa  Vegas.  The  boundary  condition  i,  that  the  first  3  layers  are  fu„  with 
5.  and  rest  of  the  layers  are  empty  at  the  star,  of  the  growth  which  corresponds  to  assuming  a  flat  substrate. 

A  typical  run  for  a  growth  of  20  seconds  took  about  1  CRAY  CPU  hour. 
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4.4  Results  and  Discussion 

Plots  of  dopant  sticking  coefficient,  SIn,  versus  time  (sec.)  for  various  growth  temperatures  of  the  study 
were  obtained  and  analyzed.  (The  growths  were  simulated  only  for  about  20  seconds  due  to  computer 
time  limitations.)  Analysis  of  the  data  indicated  that  S[n  is  an  exponentially  decaying  function  of  time. 
Exponentials  of  the  form,  A(T)e~^n ,  were  fitted  for  each  temperature.  Note  that  A(T)  and  t(T)  are 
functions  of  temperature.  Using  A{T)  and  r(T),  S/„  was  obtained  for  the  case  of  3000  seconds  of  growth  by 
extrapolation.  Such  an  extrapolation  is  justified  because  the  growth  rate  is  constant  and  the  layer-by-layer 
growth  mode  is  maintained  for  all  growth  conditions  of  in  this  study. 

A  plot  of  the  extrapolated  S/„  versus  is  shown  in  Figure  1  along  with  the  experimental  data.  The 
agreement  between  the  theoretical  values  and  the  experimental  values  from  Ref.[28]  is  excellent  for  the  entire 
temperature  range.  The  mechanism  which  results  in  the  temperature  dependence  of  Sfn  is  as  follows.  At 
low  temperatures,  the  surface  segregation  aided  evaporation  of  In  (due  to  its  repulsive  interaction  with  the 
host  sublattice)  is  not  dominant  as  the  thermal  energy  is  not  enough  to  allow  this  activated  process.  As 
temperature  increases,  the  interlayer  migration  rate  of  In  to  the  surface  increases  and  the  In  concentration 
increases  in  the  surface  layer.  More  In  in  the  top  surface  layer,  results  in  more  opportunities  for  evaporation. 
Thus,  a  larger  evaporation  of  In  results  at  higher  temperature.  The  evaporation  rate  of  In  aided  by  the 
surface  segregation  process  is  much  larger  than  the  typical  evaporation  rate  of  atoms  from  the  surface. 

Plots  of  the  dopant  concentration,  C/„,  versus  distance  from  the  surface  are  shown  in  Figure  2  for  various 
growth  times  for  a  growth  at  660°C.  It  is  observed  that  the  In  concentration  in  the  bulk  is  about  the  same 
and  is  independent  of  the  time  of  growth.  The  surface  concentration  of  In ,  however,  is  increasing  with  time 
as  expected.  Note  that  there  is  a  dip  in  C/„  for  all  the  profiles  just  below  the  surface  layer.  The  concentration 
of  In  in  this  zone  is  an  order  of  magnitude  less  than  that  in  the  bulk  and  many  orders  of  magnitude  less 
than  that  at  the  surface.  We  call  this  region  the  dopant  depleted  zone  (DDZ).  The  physical  reason  for  this 
phenomenon  is  as  follows.  The  dopant,  In,  segregates  from  the  layers  below  upwards  due  to  the  repulsive 
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atomic  interaction  with  the  host  lattice.  In  other  words,  considering  the  „■»  lager,  /„  atoms  migrate  from 
the  »  -  1“  layer  to  the  „■*  layer  which  increase,  C,„(„)  and  to  the  „  +  llh  layer  from  the  n<*  layer  which 
decreases  C,„(n).  The  rates  of  these  processes  depend  on  the  availability  of  In  atoms  in  the  respective  layer, 
which  are  exposed  to  vapor  so  that  they  can  migrate  and  the  availability  of  sites  in  the  respective  layers 
For  the  migrations  to  the  layer  compared  to  the  migrations  from  the  both  of  these  factor,  are  small. 
Thus,  the  rate  of  migration  to  the  surface  layer  from  the  subsurface  layer  is  large,  than  rate  of  migration 
of  In  to  the  subsurface  layer  from  one  iayer  below.  This  difference  in  the  rate,  results  in  a  deficiency  of  /„ 
atoms  in  the  subsurface  layer.  This  resembles  the  phenomenon  of  a  precipitation  depleted  tone  (PD*)  which 
-It  near  the  gram  boundaries  in  many  alloys.  This  result  was  compared  with  the  experimental  data  and 
a  careful  observation  of  the  segregation  profile  data  shown  in  Figure  2  of  Ref.(28]  doe,  show  that  there  is  a 

file,  fn  our  result  the  dip  is  much  more  pronounced  compared  to  that  of  the  experiments  which 
may  be  due  to  stronger  repulsive  interaction  energies  used  in  our  model. 

Plot,  of  the  fn  segregation  profile,  for  85«,  MTK,  and  WK  are  shown  in  Figure  3.  „  appeam  that 

the  segregation  profiles  are  similar  for  various  temperatures  except  that  the  bulk  ,n  concentration,  are  lower 

for  higher  temperature  which  correlates  wel,  with  Figure  1.  This  type  of  a  dopant  depleted  zone  may  not 

always  be  present  even  if  the  dopant  interactions  with  the  host  lattice  is  repulsive.  It  depends  on  a  variety 

of  factors  such  as  the  growth  rate,  the  strength  of  the  repulsive  interaction  ( W  the  ratio,  and 

others. 


4.5  Summary 

equation  model  based  on  the  master  equation  is  developed  fo,  ,h.  study  of  MBE  doping  kinetics. 
The  mode,  is  apphed  to  study  the  surface  segregation  phenomenon  during  /„  doping  of  Si,  The  doping 
ere  performed  for  various  growth  conditions.  The  results  of  the  predicted  sticking  coefficient  of  In 
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versus  £  and  the  dopant  depth  profile  obtained  shows  excellent  agreement  with  experiments.  The  sticking 
coefficient  decreases  with  T  due  to  surface  segregation  aided  evaporation  of  In  at  higher  temperatures.  The 
surface  segregation  of  In  occurs  due  to  strong  repulsive  interaction  between  In  and  the  host  lattice  which 
results  in  upward  migration  of  7n.  A  dopant  depleted  zone  where  the  In  concentration  is  lower  than  that  in 
the  bulk  and  at  the  surface  is  observed  and  agrees  well  with  experiments. 


5  Conclusion 

The  stochastic  modeling  of  MBE  growth  was  employed  to  study  three  growth  kinetics  problems:  surface 
roughening  kinetics  of  GaAs,  surface  ordering  of  GaAlAs  and  doping  kinetics  of  semiconductors.  The 
results  obtained  were  compared  with  that  reported  in  the  literature  and  the  agreement  obtainmed  was  good. 
This  study  validates  the  use  of  the  stochastic  modeling  as  a  viable  and  effective  tool  for  MBE  growth  kinetic 
studies.  Many  spin  off  projects  from  this  project  are  underway  at  present.  Acknowledgement 
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Fig-  1.  Surface  Ga  atomic  arrangement 


required  for  the  incorporation  of  diatomic  As2. 
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Fig.  2.  Concentration  profiles  of  Ga  and  As  for  flux  ratio  1  :  10  for  various  temperatures,  (a)  823  K  (b) 
848° K  (c)  873°K. 
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F.g.  3.  Concentration  profiles  of  Ga  and  ,4s  for  flux  ratio  1 
848°K  (c)  873°K. 


20  for  various  temperatures,  (a)  823 
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Fig.  4.  Time  averaged  RHEED  intensity,  TRI{ T)  versus  temperature  for  flux 
ratios  1  :  10  and  1  :  20. 

Fig.  4.  Time  averaged  RHEED  intensity,  TRI{ T)  versus  temperature  for  flux  ratios  1  :  10  and  1  :  20 
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Fig.  6.  A  plot  of  isolated  terrace  adatom  parameter  versus  temperature  for  flux  ratios  1  :  10,  1  :  20  and  1 
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Dopant  Concentration 


Fig.  8.  Plots  of  dopant  segregation  profile  for  various  growth  times  for  the  growth  at  933' 


K. 


35-35 


Dopant  Concentration 


Fig.  9.  Plot,  of  dopaut  segregation  profiles  for  various  growth  temperatures  for  the  growth  time  of  20 
seconds. 
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PERFORMANCE  EVALUATION  AND  IMPROVEMENT  OF 
A  RESONANT  DC  LINK  INVERTER 
WITH  A  LIMITED  Q-FACTOR 
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Associate  Professor 
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Abstract 

Resonant  DC  Link  (RDCL)  inverters  have  several  advantages  compared  to  conventional  dc  link 
inverters.  Some  of  the  problems  associated  with  an  RDCL  inverter  with  a  limited  Q-factor  are  studied. 
An  experimental  inverter  was  built  mainly  to  make  quantitative  measurements  and  analyze  problems  like 
zero-crossing  failure.  The  losses  occurring  in  the  resonant  link  were  obtained  for  different  liukHtircuit 
parirtueters.  A  digital  dotage  oscilloscope  and  digital  dam  processing  software  wera  used  in  the 
putation  of  the  losses.  The  complete  control  circuit  of  the  inverter  system  incorporating  Sine  PWM 
conttol  for  the  inverter  switches  was  developed.  The  control  citcui,  which  was  developed  for  a  single- 
phase  inverter  was  extended  to  a  three-phase  inverter. 

The  zero-crossing  Mure  in  an  RDCL  inverter  is  a  serious  problem  which  reduces  the  efficiency  of 
the  inverter  system  and  increases  the  power  rating  of  the  link-shorting  switch.  First  the  effect  of  load  on 
the  minimum  [ink  voltage  was  studied.  A  simple  method  of  using  cutrent-feedback  for  eliminating  the 
zero-voltage  crossing  problem  was  first  established  using  computer  simulation.  The  method  was 
implemented  on  an  experimental  inverter  system  by  incorporating  cunent-feedback  by  using  current- 
sensing  Power  MOSFETs  as  inverter-switches.  The  details  of  the  complete  control  circuit  incotporating 
current  feedback  and  the  experimental  waveforms  are  presented. 
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PERFORMANCE  EVALUATION  AND  IMPROVEMENT  OF 
A  RESONANT  DC  LINK  INVERTER 
WITH  A  LIMITED  Q-FACTOR 

Subbaraya  Yuvarajan 

1.  INTRODUCTION 

High-efficiency  power  converters  are  very  useful  in  aircraft  and  space  applications.  Resonant  DC 
Link  (RDCL)  inverters  introduced  recently  help  to  keep  the  switching  loss  negligibly  small  even  at  high 
switching  frequencies  [1]  -  [4],  The  addition  of  an  L-C  resonant  section  in  a  conventional  inverter  results 
in  an  oscillating  link  with  periodic  zero-crossing  points.  If  the  inverter  switches  are  tumed-on  and  off  at 
the  zero-voltage  points,  there  will  not  be  any  power  loss  in  the  switches.  The  only  condition  is  that  the 
operation  of  the  inverter  switches  is  to  be  synchronized  to  the  oscillatory  voltage  waveform  of  the  resonant 
link.  If  the  frequency  of  the  resonant  link  is  very  high,  the  control  signal  of  the  inverter  derived  from 
considerations  like  PWM  remains  unaltered. 

While  the  concept  of  RDCL  is  very  attractive,  there  are  some  basic  difficulties  in  maintaining  a 
stable  link  with  definite  zero-crossings.  The  problem  is  mainly  due  to  a  low  Q-factor  of  the  L-C  section. 
The  link  voltage  of  an  RDCL  with  an  ideal  inductor  and  a  capacitor  goes  through  zero  voltage  at  the  end 
of  each  resonant  cycle.  When  the  inductor  has  a  parasitic  series-resistance,  the  link  voltage  gets  damped 
out.  A  switch  connected  across  the  capacitor  is  closed  for  a  short  time  at  the  end  of  the  resonant  cycle  so 
as  to  supply  some  energy  to  the  inductor  to  offset  the  damping  effect.  Fig.  1  shows  the  power  circuit  of 
an  RDCL  feeding  a  single-phase  inverter  and  the  block  diagram  of  the  control  circuit.  The  link  inductor 
Lc,  the  capacitor  Cc,  and  the  link-shorting  MOSFET  QL  constitute  the  link  section.  The  link-shorting 
Power  MOSFET  is  driven  by  a  clock  signal  whose  frequency  is  adjusted  to  be  equal  to  the  resonant 
frequency  of  the  link.  It  is  enough  if  the  duty  cycle  of  the  waveform  is  very  small. 

The  project  is  to  study  the  performance  of  an  RDCL  inverter  with  a  resonant  link  having  a  limited 
Q-factor.  Fig.  2  shows  the  parasitic  elements  in  the  link  section  and  the  shape  of  the  capacitor  voltage  in 
a  typical  RDCL.  The  minimum  capacitor  voltage  Vmjn  is  a  critical  parameter  which  decides  the 
efficiency  of  the  inverter.  The  effect  of  varying  the  values  of  the  link  elements  on  the  shape  of  the  link 
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an  RDCL  inverter  and  block  diagram  of  control  circuit 


voltage  and  the  power  loss  in  the  link  will  be  studied.  In  particular,  the  variation  of  with  the  values 
of  Lc  and  Cc  will  be  studied.  The  project  also  proposes  a  method  to  reduce  the  value  of  and  to 
ensure  zero-voltage  crossing.  Current  Sensing  MOSFETs  will  be  used  to  provide  current-feedback  which 
will  be  used  to  adjust  the  frequency  and  duty  cycle  of  the  gate  signal  to  QL.  The  method  will  be  first 
verified  by  simulating  the  proposed  control  scheme  using  PSPICE  [5].  It  will  be  implemented  on  a  single 

phase  RDCL  inverter. 


2.  THE  RESONANT  DC  LINK 

In  analyzing  the  operation  of  the  RDCL,  the  inverter  is  modeled  as  a  constant  current  source  [6], 
Fig.  3  shows  the  resulting  circuit  diagram.  If  the  elements  are  ideal,  R  =  0.  With  the  switch  S  open,  the 
capacitor  voltage  vc(t)  is  given  by 

vc(t)  =Vs(l-Cos(Drt)  W 

where  co.  =  -ji=. 

r  , Jlc 

If  the  parasitic  resistance  of  the  inductor  is  included,  the  voltage  across  the  capacitor  is  damped  out.  The 
minimum  voltage  across  the  capacitor  Vmjn  is  given  by  [6] 


1 


■  e~atlSin((Ot2  +  9)  + 


Vm-W.- 


Vi-7 


-e  2  Sin  cot 2 . 


(2) 


It  is  seen  from  (2)  that  zero-voltage  crossing  is  lost  if  V^X).  The  value  of  Vmin  depends  essentially  on 
the  value  of  (Im-Id) 311(1  the  values  of  L  and  C. 

In  the  experimental  inverter  built,  a  Power  MOSFET  is  used  to  realize  the  link-shorting  switch. 

The  block  diagram  of  the  link-switch  signal  generator  is  shown  in  Fig.  4.  The  width  and  frequency  of 

the  gate  pulse  to  QL  is  varied  by  varying  the  potentiometers  Rw  and  Rf  respectively.  The  TTL  output 
from  the  555  Timer  is  converted  into  a  15  V  signal  using  a  high-speed  driver  SG3626.  The  frequency  of 
the  gate  signal  to  QL  is  around  48  kHz. 
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(a)  Simplified  circuit  of  RDCL  inverter 


(b)  Waveform  of  link  voltage 
Fig.  2.  RDCL  inverter  with  a  limited  Q-factor. 


Fig.  3  Circuit  model  of  an  RDCL  with  inverter  load 


Several  designs  of  the  link  inductor  were  tried.  In  one  design,  the  inductor  was  built  using  a  well- 
insulated  flat-copper  conductor.  In  another  design,  a  multi-strand  litz  wire  was  used  [7].  In  both  the 
designs,  only  air-cored  inductors  were  built.  The  inductance-value  was  varied  by  changing  the  number  of 
turns.  The  coil  resistance  was  reduced  by  using  parallel  construction.  The  waveforms  of  the  capacitor 
voltage  and  the  inductor  current  under  no  load  were  recorded  for  several  LcCc  combinations.  The  power 
loss  in  the  link  section  was  computed  by  recording  the  waveforms  of  the  current  and  voltage  associated 
with  all  the  link  elements.  It  was  found  that  the  value  of  V^n  was  negligibly  small  and  the  power  loss  in 
the  link  section  was  less  than  3  W  for  a  dc  input  voltage  Vs  =  30  V  and  for  different  LcCc  combinations. 

3.  SINE  PWM  CONTROL  FOR  RDCL  INVERTER 

There  are  different  type  control  schemes  available  for  controlling  the  magnitude  of  the  inverter 
output  voltage  and  reducing  the  harmonics  in  the  output.  The  most  common  one  is  the  Sine  Pulse  Width 
Modulation  (SPWM)  [8].  The  main  advantages  of  this  scheme  are:  reduced  harmonics  and  the  ability  to 
control  the  voltage  and  frequency  in  the  same  power  circuit.  If  P  is  the  number  pulses  per  half  cycle  of  the 
reference  sine  wave,  then  all  harmonics  below  (2P  -  1)  will  be  eliminated  from  the  output.  With  the  lower 
order  harmonics  eliminated,  one  needs  to  use  a  smaller  filter  inductance  in  the  load  circuit.  The 
synchronization  between  the  gate  signal  of  the  link  switch  and  the  SPWM  control  signal  should  be 
considered  in  the  design  of  the  RDCL  inverter  to  ensure  zero-voltage  switching.  To  achieve  this,  a  TTL 

monostable  multivibrator  and  a  flip-flop  can  be  used. 

In  the  hardware  realization  of  SPWM,  one  has  to  generate  a  variable-frequency  sine  wave  and  a 
synchronized  triangular  wave  while  maintaining  the  ratio  ft/fs  between  the  two  frequencies  (or  the  value 
of  P)  constant.  Generation  of  a  distortion-free  sine  wave  and  the  synchronization  between  the  sine  and 
triangular  waves  are  the  main  problems  to  be  solved  in  the  implementation.  In  the  proposed  control 
circuit,  both  the  sine  and  triangular  waveforms  are  generated  using  high-precision  waveform  generating 
ICs  like  ICL  8038  [9].  Fig.  5  shows  the  block  diagram  of  the  synchronized  sine  and  triangular  waveform 
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Fig.  4  Block  diagram  of  link-switch  gate  signal  generator 
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Fig.  5  Block  diagram  of  sine-triangular  waveform  generator 
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generators.  The  frequencies  of  the  two  waveform  generators  can  be  continuously  varied  by  a  single 
control  input  Vc.  The  two  waveforms  are  synchronized  with  the  help  of  an  external  initialization  circuit. 

Fig.  6  shows  the  Complete  SPWM  control  circuit  of  the  proposed  RDCL  inverter.  The  number  of 
pulses  per  half  cycle,  P,  is  varied  by  adjusting  the  timing  resistors  and  capacitors  (R^  or  RgCs).  The  sine 
and  triangular  waveforms  are  synchronized  by  connecting  a  JFET  across  the  timing  capacitor  (C^)  of  the 
IC  which  generates  the  triangular  waveform.  A  narrow  pulse  derived  from  the  sine-wave  signal  triggers 
the  JFET,  thereby  shorting  and  initializing  the  capacitor  C^.  A  comparator  (OA2)  and  a  monostable 
provide  the  gate  pulse  to  the  JFET.  If  the  width  of  the  gate  pulse  applied  to  the  JFET  is  small  and  if  ft/fs 
is  adjusted  to  be  an  integer,  then  the  triangular  waveform  will  be  continuous.  The  ratio  of  frequencies  can 

be  adjusted  to  be  an  integer  by  adjusting  the  potentiometers  Rf  or  Rg. 

The  part  of  the  circuit  that  generates  the  gate  signals  for  the  inverter-switches  from  the  sine  and 
triangular  signals  is  shown  in  Fig.  7.  The  OP  Amp  U7  connected  as  a  non-inverting  amplifier  controls 
the  amplitude  of  the  sine  wave  and  hence  the  modulation  index  m.  The  comparator  U11A  compares  the 
sine  and  triangular  waves.  The  output  from  U1 1 A  is  passed  through  a  set  of  inverters  and  NAND  gates  to 
obtain  the  SPWM  gate  signals  for  the  inverter-switches.  The  SPWM  gate  signal  is  synchronized  to  the 
link-switch  gate  signal  with  the  help  of  a  flip-flop  U12.  The  synchronization  ensures  zero-voltage 
switching  of  the  IGBTs  in  the  inverter. 

The  experimental  waveforms  generated  by  the  control  circuit  are  recorded  using  a  digital 
oscilloscope.  Fig.  8  shows  the  sine  and  triangular  waveforms  and  the  narrow  gate  pulses  applied  to  the 
JFET  for  an  output  frequency  of  60  Hz  and  a  frequency  ratio  ft/fs  =  12.  Fig.  9  shows  the  response  of  the 
waveform  generators  for  a  step  change  in  Vc.  It  can  be  seen  that  the  response  is  fast  and  the  ratio  of 
frequencies  remains  constant.  The  output  of  comparator  U11A  and  the  gate  pulses  to  the  inverter 
switches  are  shown  in  Fig.  10. 
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rcuit  of  sine-triangular  waveform 
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Fig.  7  Complete  circuit  of  PWM  signal  generator 
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(a)Sine  waveform 


(b)Triangular  waveform 

Fig.  9  Step  response  of  waveform  generators 


36-13 


VOLTS 


(a)  Comparator  output  (U1 1  A) 


(c)  Gate  pulse  for  Q3  and  Q4 


Fig.  10  Output  of  comparator  and  gate  pulses  to  inverter  switches 
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4.  POWER  CIRCUIT  OF  RDCL  INVERTER 

The  power  circuit  of  a  single  phase  RDCL  inverter  is  shown  in  Fig.  11.  That  gate  signals  for  the 
IGBTs  are  obtained  using  dedicated  driver  EXB  851  supplied  Fuji  Electric  [10],  Two  EXB  851  drivers 
supply  the  gates  of  the  high-side  IGBTs  Q1  and  Q3.  Two  push-pull  drivers  supply  the  gates  of  the  two 
low-side  IGBTs  Q2  and  Q4.  The  driver  EXB  851  provides  the  isolation  necessary  for  the  high-side 
switches.  It  also  protects  the  IGBT  against  over-current  by  feeding  back  the  collector  voltage  through  a 
fast-recovery  diode  MUR  1 100E.  The  driver  circuit  and  the  power  circuit  are  shown  in  Fig.  11. 

The  waveforms  of  voltages  and  currents  in  the  RDCL  inverter  were  recorded  using  a  digital  storage 
oscilloscope.  Fig.  12  shows  the  waveforms  of  the  gate  signal  to  the  link-switching  Power  MOSFET  and 
the  link  capacitor  voltage.  With  inductive  load,  there  are  definite  zero-crossings.  However,  with  resistive 
load,  the  capacitor  voltage  fails  to  go  to  zero  and  the  MOSFET  QL  is  forced  to  switch  at  a  finite  voltage, 
Vmin.  The  minimum  voltage  could  be  as  high  as  15  V.  A  possible  solution  to  the  above  problem  is 

described  in  Section  8. 

The  load  voltage  and  load  current  waveforms  obtained  on  the  RDCL  inverter  for  an  inductive  load 
are  shown  in  Fig.  13.  The  Sine  PWM  scheme  uses  a  reference  frequency  of  60  Hz,  P  =  6,  and  a 
modulation  index  of  0.9.  The  harmonic  content  in  the  output  is  obtained  by  using  a  digital  data 
processing  software.  A  Fast  Fourier  Transform  (FFT)  performed  on  the  experimental  waveform  of  voltage 
(or  current)  yields  the  frequency  spectrum  a  shown  in  Fig.  14.  It  is  seen  that  the  output  is  free  from 
several  lower  order  harmonics  below  (2P  -  1).  The  spectrum  shows  a  harmonic  component  around  the 
resonant  frequency  of  the  link  which  can  be  easily  filtered. 

5.  THREE-PHASE  RDCL  INVERTER 

Three-phase  RDCL  inverter  is  suitable  for  driving  induction  motors.  It  uses  the  resonant  dc  link 
described  in  Section  2.  The  Sine  PWM  control  first  developed  for  a  single-phase  inverter  is  extended  to  a 

three-phase  system.  The  block  diagram  of  the  three-phase  sine  wave  generator  is  shown  in  Fig.  15.  The 

sine  wave  signal  of  Phase-A  and  a  synchronized  triangular  wave  are  generated  using  two  ICL  8038 
waveform  generators  as  described  in  Section  3.  In  order  to  get  a  balanced  set  of  waveforms,  the  value  of  P 
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power  circuit  of  RDCL  inverter 
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12  Experimental  waveforms  of  link  signals 
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Load  waveforms  of  RDCL  inverter 


(a)  Frequency  spectrum  of  load  voltage 


TIME 


(b)  Frequency  spectrum  of  load  current 


fpeq 


(c)  Expanded  frequency  spectrum  of  load  current 
Fig.  14  Frequency  spectrums  of  load  voltage  and  current 
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Should  be  a  multiple  of  three.  Tie  Fhase-B  slue  wave  is  gumrated  using  a  «  ^aaim  gm  ^ 

is  synchronized  to  the  Phase-A  sine  nave.  Tbe  synchronizing  pulse  is  derived  lrom  the  Phase-A 

triangular  nave  as  shown  in  Fig.  15.  The  phase  shift  of  120  deg  is  obtained  by  compahng  the  Phase-A 

triangtdar  nave  and  a  mference  V,  The  sine  nave  for  Phase-C  is  generated  from  the  sine  naves  of 

Phase-A  ami  Phase-B  using  Urn  relation  SinC  -  -<SinA+SinB>.  Fig.  ,6  shows  the  tnangular  nave  and  dm 
sine  waves  of  Phases  A  and  B. 


The  power  circuit  of  the  inverter  was  built  using  six  IGBTs  available  as  a  six-pack  module.  The 


control  circuit  uses  three  EXB  851  drivers  for  the  three  high-side  switches  and  three  push-pull  drivers  for 
the  low-side  switches.  A  three-phase  induction  motor  was  supplied  by  the  RDCL  inverter.  Fig  .  17  shows 
the  load  voltage  and  load  current  waveforms  of  the  induction  motor. 


6.  PERFORMANCE  OF  AN  RDCL  INVERTER 


While  the  concept  of  RDCL  inveiter  is  very  attractive,  there  are  some  basic  problems  caused  by  the 
low  value  of  Q-fictor  of  the  tesonant  circuit.  The  link  voltage  of  an  RDCL  inverter  with  an  ideal 
inductor  and  capacitor  goes  tluough  zero  at  the  end  of  each  resonant  cycle.  The  L-C  section  in  a  practical 
inverter  has  a  finite  Q-factor  whose  value  is  limited  by  the  parasitic  series  resistance  of  the  inductor  and 
the  leakage  resistance  of  the  capacitor  shown  in  Fig.  2.  Consequently,  the  link  voltage  does  not  go  to  zero 
and  tim  link-shortiug  Power  MOSFET  is  to  be  turned™  a,  a  non-zen,  voltage,  resulting  in  additional 
power  loss.  The  minimum  link  voltage  <Vmjn,  and  the  power  loss  in  the  link  elements  are  found  to  vtuy 
with  tile  power  factor  of  Urn  load,  the  resonant  frequency,  and  the  zero-voltage  interval  (y,  The  above 
observations  were  made  on  the  experimental  inverter  described  in  Section  4. 

This  section  investigates  some  of  the  problems  associated  with  an  inverter  having  a  limited  Q- 
factor.  The  performance  of  the  inverter  was  studied  by  recording  all  the  waveforms  of  voltage  and  current 
associated  with  the  link  and  measuring  the  power  loss  using  a  storage  oscilloscope  and  a  digital  data 
processing  software.  Certain  modifications  in  the  link  operation  that  will  improve  the  overall 
performance  of  the  inverter  are  being  proposed  in  a  later  section. 
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(a)  Block  diagram 


(b)  Illustrative  waveforms 


Fig.  15  Block  diagram  and  illustrative  waveforms  of  3-phase 
sine  wave  generator 

36-21 


I _ I - 1 — — 1 - 1 - *- 

0.0s  10.0ms 

(a)  Load  voltage 


28.0ns  30.8ns 

TIME 


(b)  Load  current 


17  Waveforms  of  3-phase  RDCL  inverter  feeding  an  induction  motor 


a)  Effect  of  low  O-factor 


A  resonant  do  link  with  a  high  value  of  Q-factor  is  difficult  to  design.  He  RDCL  built  in  the 
laboratory  has  Q  of  45  at  the  link  frequency  of  48  kHz.  The  resonant  frequency  is  chosen  high  so  that  the 
pulse  density  modulation  used  in  the  inverter  does  not  introduce  any  appreciable  error.  A  high  resonant 
frequency  means  a  higher  power  loss  due  to  the  frequent  closing  and  opening  of  the  link-srtch  at  a  non¬ 
zero  voltage.  A  non-zero  link  voltage  requires  the  use  of  a  separate  link-switch  instead  of  the  inverter 
swrtches  serving  the  purpose.  In  addition,  the  link-shotting  MOSFET  has  to  be  rated  for  a  high  current 
and  protected  by  a  proper  snubber  and  a  heat  sink.  An  estimation  of  tire  power  loss  in  tire  switch  will 
enable  the  choice  of  the  link-shotting  Power  MOSFET  and  the  design  of  the  snubber. 

The  resonant  frequency  of  the  link  is  determined  by  the  product  LcC,  The  mtudmum  cunen, 
through  Lc  is  determined  by  die  ratio  CyL,  Sim*  the  lime  cmren,  dettrmmes  the  loss  in  the  link  section, 
a  caretul  choice  of  the  values  of  Lc  and  Cc  has  to  be  made  in  order  to  minimize  the  loss  at  a  given 

resonant  frequency.  Since  the  inverter  constitutes  a  nonlinear  current  source,  computer  simulation  will  be 
useful  in  analyzing  its  performance. 

b)  Measurement  power  loss  in  an  RDPT .  inverter 

The  power  loss  in  an  RDCL  inverter  with  a  reasonably  high  value  of  Q  will  be  vety  small.  An 
accurate  measurement  of  the  power  loss  will  enable  the  estimation  of  the  efficiency  of  the  inverter  system 
and  will  also  enable  one  to  investigate  methods  of  improving  its  efficiency.  Power  loss  in  the  RDCL 
occrns  in  the  link  inductor,  capacitor,  and  the  link  switch.  An  accumte  measurement  of  the  power  lost  in 
any  circuit  element  can  be  done  by  first  recording  the  waveforms  of  voltage  and  current  associated  with 
that  element  and  then  processing  waveforms.  The  digital  data  processing  software  VU-POINT  [1 1]  was 
used  to  multiply  the  two  waveforms  and  compute  the  average  power  loss.  This  method  of  computing  the 
power  loss  can  be  used  to  identity  the  regions  of  voltage/current  waveforms  where  considemble  power  loss 
occurs  and  to  eliminate  the  source  to  the  extent  possible. 

The  voltage  and  current  waveforms  of  the  elements  in  the  link  contain  high  frequency  transitions. 
The  waveforms  also  include  ac  and  dc  components.  Most  of  the  loads  are  operated  at  60  Hz  which 


36-24 


corresponds  to  a  period  of  16.667  ms.  The  resonant  frequency  of  the  link  is  48  kHz  which  corresponds  to 
a  period  of  20.8  jas.  Since  the  digital  oscilloscope  uses  an  analog-to-digital  (A/D)  converter  to  acquire  the 
waveform  data,  the  sampling  rate  has  to  be  high  enough  to  catch  the  high  frequency  transitions.  At  the 
same  time,  the  sweep  time  (record  length)  has  to  be  long  enough  to  cover  at  least  one  cycle  of  the  output 
waveform.  To  sample  the  data  at  the  rate  of  10  Mega  samples/second  (sampling  interval  =  100  ns)  and 
store  one  cycle  of  output  at  60  Hz  in  memory,  the  minimum  size  of  memory  required  is 

=  16-66?”H.  =  166. 67 J kBytes  (3) 

1  100ns 

The  Nicolet  Oscilloscope  Model  Pro  42  has  a  sampling  rate  of  20  Mega  samples/second  and  a  channel 
memoiy  of  1  MBytes,  which  are  more  than  sufficient  to  store  the  data. 

The  power  loss  in  the  copper-foil  or  litz-wire  type  inductor  is  relatively  small  due  to  the  absence  of 

clrin  pffiyt  The  power  loss  in  the  inductor  is  mainly  due  to  the  resistive  effect  of  the  copper  itself.  The 

resistance  of  a  coil  made  of  99.99%  pure  copper  is  given  by 

_  1-724  x  IQ"6  x  length  (cm)  (4) 

^  ’  ~  thickness(cm)  X  width  (cm) 

The  parasitic  resistance  of  the  copper-foil  type  inductor  used  in  the  experiment  was  calculated  to  be 
10.344  mil 

The  losses  in  the  link  capacitor  is  due  its  leakage  (shunt)  resistance.  A  polypropylene  capacitor  is 
used  to  keep  the  losses  small.  The  typical  value  of  leakage  resistance  provided  by  the  manufacturer  is 
42500  Mil  The  capacitor  also  has  a  series  resistance  of  0. 1 1  mfl. 

7.  SIMULATION  OF  AN  RDCL  INVERTER  WITH  CURRENT  FEEDBACK 

The  problem  of  zero-crossing  failure  is  linked  to  the  nature  of  the  load  current.  The  capacitor 
current  that  is  responsible  for  the  zero-crossing  failure  is  equal  to  the  difference  between  the  inductor 
current  and  the  load  current.  It  is  possible  to  adjust  the  frequency  and  duty  cycle  of  the  gate  signal  to  QL, 
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tough  a  feedback  of  the  load  current,  i„  order  to  overcome  mossing  failure.  The  feasibility  of  Ote 
method  was  fits,  tested  through  computer  simulation.  1„  the  simulation,  the  invetter  switches  were 
modeled  as  ideal  voltage  controlled  switches.  Tie  program  used  a  resistive  load  as  an  example.  Fig  18 
shows  the  simulated  waveforms  of  capacitor  voltage  and  Urn  gate  pulses  to  QL.  The  simulation  was 
Started  a. ,  -  0  witi.  no  load.  The  link-voltage  waveform  shows  periodic  zen>crossings.  A, ,  -  loo  ps,  a 

resistive  load  was  added.  Witi,  a  fixed-frequency,  and  fixed-duty«ycie  gate  signal  to  QL,  1,  is  seen  Urn. 
the  addition  of  the  load  results  in  zero-crossing  failure. 

The  wavefomr  of  Fig,  19  corresponds  to  the  situation  where  the  frequency  and  duty  cycle  are  varied 
as  a  function  of  the  load  cmrent.  I,  is  seen  Urn,  the  link  voltage  exhibits  definite  zerocrossings.  With  a 
careful  choice  of  tire  frequency  and  duty  cycle,  tire  link  voltage  was  forced  to  go  through  zero  a.  Urn  end 
of  each  resonant  cycle.  Fig.  19  also  shows  the  fast  decay  of  the  link  voltage  if  there  are  no  pulses  applied 
to  tire  link-shorting  MOSFET  (afrer  200  ps).  The  gate  voltage  to  QL  has  to  he  modified  based  on  tire 
value  Of  tite  lead  current  and  the  insran.  of  application  of  the  load.  Thus,  one  has  to  design  the  555  Timer 
with  a  nominal  value  of  frermency  ami  duty  cycle  and  vary  them  suitably  whenever  the  load  changes  (in 

other  words,  the  gale  signals  to  the  inverter  switches  change).  The  practical  implementation  of  the 
current  feedback  is  described  in  the  next  section. 

8.  RDCL  WITH  CURRENT  FEEDBACK 

One  has  to  sense  the  load  curium  before  providing  a  feedback.  Cunent  sensing  MOSFETs  have 
been  developed  to  meet  the  need  of  current  monitoring  in  the  power  device  [12],  The  power  circuit  of  the 
inverter  was  built  using  current  sensing  Power  MOSFETs.  Fig.  20  shows  the  power  circuit  of  the  single¬ 
phase  inverter,  the  driver  circuit  and  the  current  sensing  circuit.  The  dedicated  driver  for  the  Power 
MOSFET,  IR  2110  was  used  in  the  circuit.  A  single  driver  supplies  the  gate  signals  for  both  the  low  and 
high-side  switches  in  one  arm.  The  sum  of  the  drain  currents  of  Q2  and  Q4  gives  the  total  load  cmrent. 

The  sense  outputs  of  the  low-side  MOSFETs  Q2  and  Q4  are  convened  into  proportional  voltages  and 
added  together  to  give  the  total  signal  V^, 
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Fig.  18  simulated  waveforms  of  lit 
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current  sensing  circuit  of  RDCL  inverter 


To  ensure  zero-voltage  switching,  especially  for  resistive  load,  a  new  link-switch  control  circuit 
was  developed  The  value  of  at  different  loads  was  reduced  to  zero  by  feeding  the  current-sense 
output  Va  provided  by  the  MOSFETs.  The  block  diagram  of  the  proposed  control  circuit  is  shown  in  Fig. 
21.  The  strategy  is  to  modify  the  frequency  and  duty  cycle  of  the  link-switch  gate  signal.  The  control 
circuit  includes  a  555  Timer  used  as  a  voltage-controlled  oscillator,  and  a  monostable  providing  a  variable 
pulse-width  output  signal.  Since  the  modifications  in  gate  signal  are  to  follow  any  change  in  load  the 
SPWM  gate  signal  is  also  combined  with  in  deciding  the  frequency  and  pulse  width  of  the  gate  signal. 

The  reference  signals  that  decide  the  frequency  and  pulse  width  of  the  gate  signal  under  open  loop 
are  and  Vq,  respectively.  The  frequency  reference  signal  Vgf,  the  total  current  sense  signal  V^,  and 
the  SPWM  signal  are  summed  up  to  give  the  control  signal  to  the  555  Timer.  In  the  same  way,  the  pulse 
width  reference  signal  Vq,,  the  current  sense  signal  V^,  and  the  SPWM  signal  are  summed  up  to  give  the 
input  to  the  monostable.  The  SPWM  signal  is  used  primarily  to  overcome  the  noise  in  the  current  sense 
output  during  the  period  when  the  inverter  switches  are  off.  The  outputs  from  the  555  Timer  and  the 
monostable  are  combined  using  and  'OR'  gate  whose  output  signal  has  a  variable  frequency  and  variable 
duty  cycle.  The  output  of  the  OR  gate  is  applied  to  the  link-shorting  MOSFET  through  a  driver. 

The  modified  RDCL  inverter  with  current  feedback  was  built  and  tested.  The  link-switch  gate 
signal  has  a  period  of  20.5  ps  and  a  width  of  2  ps  under  no  load.  Fig.  22  shows  the  waveforms  of  link- 
voltage  and  link-switch  gate  signal  with  current  feedback.  Both  the  frequency  and  duty  cycle  change  with 
load  in  order  to  ensure  zero-crossing.  The  power  loss  in  the  inverter  under  different  conditions  were 
computed.  For  an  output  of  95  W,  the  power  loss  in  a  hard-switched  inverter  was  measured  as  9.1  W. 
The  power  losses  in  an  ordinary  RDCL  inverter  and  the  one  with  current  feedback  were  measured  as  5.4 
W  and  3.4  W  respectively.  There  is  an  improvement  in  the  efficiency  with  the  addition  of  current 
feedback.  It  can  be  observed  that  the  amplitude  of  the  resulting  link-voltage  slightly  increases  with  the 
addition  of  current  feedback.  If  the  increase  in  amplitude  is  objectionable,  then  the  problem  can  be 
separately  handled  by  adding  a  clamping  circuit  [2]. 
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Fig.  21  Block  diagram  of  signal  prcessor  with  current  feedback 
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(a)  Link  voltage 


Fig.  22  Experimental  waveforms  of  link  with  current  feedback 
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9.  CONCLUSIONS 


A  single-phase  and  a  three-phase  resonan.  dc  link  inverters  were  developed  and  built  primarily  to 
study  the  performance  and  to  investigate  methods  of  improving  it.  The  units  developed  consist  of  a 
tesonant  link  section  and  an  inverter  section.  The  performance  studies  carried  out  include  the 
measmemen.  of  power  loss  in  the  different  secdons.  I,  was  observed  that  a  failure  in  zeroing  results 
tn  addtuonal  power  loss  in  the  link-shorting  Power  MOSFET.  A  method  of  ensuring  definite  zero- 
crossings  through  the  use  of  current  feedback  is  described  in  the  project.  The  possibility  of  providing  load 
current  feedback  to  ensure  zero-voltage  crossing  was  studied  with  the  help  of  computer  simulation.  An 
RDCL  inverter  with  current  feedback  was  built  using  current  sensing  Power  MOSFETs.  The  details  of 
obtaining  the  curtent  sense  signal  and  generating  the  variable-frequency  variable-duty-cycle  gate  signal 

for  the  link-shorting  MOSFET  are  presented  in  the  report.  Several  experimental  waveforms  obtained  on 
the  RDCL  inverter  are  also  presented. 
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